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The dynamic cellular reorganization needed for successful 
mitosis requires spatial regulatory cues. I examine this problem 
at two different levels.  
 
First, I analyze a phosphorylation gradient for substrates of 
the chromosomal passenger complex (CPC). CPC is a conserved 
regulator involved in key mitotic events such as 
chromosome-microtubule attachment and spindle midzone 
formation. Previously, spatial phosphorylation gradients have 
been reported for CPC substrates, raising the possibility that 
CPC-dependent signaling establishes order on the micron-length 
scale in dividing cells. However, this hypothesis has not been 
tested, largely because of incomplete characterization of the 
CPC-dependent phosphorylation dynamics. Here I examine the 
spatiotemporal dynamics of CPC-dependent phosphorylation along 
microtubules throughout mitosis using a Förster resonance energy 
transfer-based sensor. I find that a CPC-substrate 
phosphorylation gradient, with highest phosphorylation levels 
between the two spindle poles, emerges when a cell enters mitosis. 
After anaphase onset, the gradient emerges and persists until 
cell cleavage. Selective mislocalization of the CPC during 
anaphase suppresses gradient formation, but overall substrate 
phosphorylation levels remain unchanged. Under these conditions, 
the spindle midzone fails to organize and function properly. 
My findings suggest a model in which the CPC establishes 
phosphorylation gradients to coordinate the spatiotemporal 
dynamics needed for error-free cell division.  
 
Second, I examine the contribution of a microtubule crosslinking 
protein PRC1 to microtubule organization during cytokinesis. 
I find that PRC1 depletion leads to abnormal elongation of 
anaphase spindle, which depends on microtubules. I also find 
that the dynamics of growing microtubule plus-ends imaged by 
EB1-GFP is not significantly altered. Based on these findings, 
I propose a model for how PRC1 contributes to the length control 
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CHAPTER 1: INTRODUCTION 
 
1.1 Gradients and spatial signaling in biological systems 
To achieve various goals, cells respond to internal 
and external cues using signaling networks. Over the years, 
extensive lists of the components of these signaling 
networks have been built, thanks in part to genetics and 
RNA interference (RNAi) technology (Kholodenko et al.). 
Researchers also have a relatively good understanding of 
the structures of these networks, and have already begun to 
engineer and redesign networks to give desired outputs (Ma 
et al., 2009; Peisajovich et al.). However, our 
understanding of the spatial aspect of signaling networks 
has lagged behind (Kholodenko et al.). Currently, known 
mechanisms for spatial control of signaling include 
scaffolding proteins, organelle positioning, signaling 
domain assembly (e.g. lipid rafts), and gradient formation 
(Kholodenko et al.). Among these, gradients aroused great 
research interest, likely due to two reasons. First, 
compared with other mechanisms, gradients have the 
potential for encoding rich information to allow fine-
tuning of spatial signals, rather than acting as an ON/OFF 
switch. Second, gradients are evolutionarily conserved: 
this mechanism is utilized by various organisms, from 
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bacteria to human cells, and is involved in key processes 
such as development and cell division.  
Gradients can be generated by reaction-diffusion 
mechanisms. Two general models have been proposed to 
explain gradient formation. The first one requires an 
activator and an inhibitor of a protein or a process, with 
different diffusivities. The activator autocatalytically 
reproduces itself and stimulates the inhibitor, which 
renders spatially uniform distribution unstable and drives 
gradient formation. For this model to work, the inhibition 
kinetics must be faster and the inhibitor diffusion 
coefficient must be larger than that of the activator to 
prevent autocatalytic explosion. This model has been 
applied to explain how morphogen gradients could be 
generated within initially near-uniform embryos and 
subsequently direct cell responses that give rise to 
patterns during development (Gierer, 1982). The second 
model exploits pre-existing heterogeneity in a cell. 
Similar to the first model, it requires two antagonistic 
reactions catalyzed by an activator and suppressor, such as 
phosphorylation and dephosphorylation catalyzed by a kinase 
and phosphatase, respectively. However, owing to the 
presence of pre-existing cellular structures, such as 
membranes and chromosomes, opposing activator and 
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suppressor are often spatially separated in their 
localization. Therefore, the environment for reactions and 
diffusion is initially non-homogeneous and does not 
resemble the uniform media described in the first model. In 
this model, a gradient pattern is generated through the 
high concentration of activated substrate close to the 
activator and low concentrations farther away (where the 
suppressor localizes). Provided that the suppressor is far 
from saturation, the range of the gradient depends on the 
diffusion coefficients and the reaction rates. Gradients 
that could be explained by this model include the yeast 
MAPK Fus3 (Maeder et al., 2007), the yeast Pom1 (Martin and 
Berthelot-Grosjean, 2009; Moseley et al., 2009), protein 
Tyr phosphatase 1B (Yudushkin et al., 2007) and the small 
GTPase Ran gradient (Clarke and Zhang, 2008). While 
reaction-diffusion models are simple and follow similar 
assumptions, the situation in vivo is more complex and will 
be discussed in detail for several systems later in this 
chapter.  
Gradients have been observed in a variety of 
biological processes where they extend across a wide range 
of length scales. Morphogen gradients in embryos are 
believed to provide positional information for cells to 
guide cell fate determination during development (Ashe and 
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Briscoe, 2006) (e.g. BMP and Dpp in drosophila). In wound 
healing, a tissue-scale hydrogen peroxide gradient is 
observed in zebrafish larvae and is proposed to mediate 
rapid wound detection by recruiting leukocytes in tissues 
(Niethammer et al., 2009). During cell division, a couple 
of gradients have been discovered (Caudron et al., 2005; 
Fuller et al., 2008; Kalab et al., 2006; Niethammer et al., 
2004). Bacteria cell division utilizes Min protein 
gradients to position their division plane (Loose et al., 
2011). Yeast cells generate polar gradients of Pom1 kinase 
to coordinate cell size and mitotic entry (Martin and 
Berthelot-Grosjean, 2009; Moseley et al., 2009). In plants, 
ion gradients (e.g. calcium) guide pollen tube growth 
(Holdaway-Clarke and Hepler, 2003). These gradients, 
despite their variety, are all important for relating 
spatial information to signaling.  
 
  
1.2 Intracellular gradients and cell growth in size or in 
number 
Thanks to the advancement of molecular probes and 
imaging techniques, a number of micron-scale intracellular 
gradients have been visualized. These gradients are often 
related to cell growth, either in size or in number. In 
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this chapter I will review intracellular gradients involved 
in cell growth in various biological systems, with a focus 
on how gradients are generated and how they deliver 
positional information. 
 
1.2.1 Pom1 in yeast cell growth 
Rod-shaped fission yeast cells elongate until they 
divide in the middle. Polar gradients of the dual 
specificity tyrosine kinase Pom1 have been described and 
are involved in this process (Martin and Berthelot-Grosjean, 
2009; Moseley et al., 2009). The intracellular gradient of 
active Pom1 kinase reaches its maximum at the two cell ends 
and its minimum at the midcell, the future site of 
cytokinetic furrowing (Figure 1.1A). The gradient of active 
Pom1 maintains a relatively constant size throughout the 
cell cycle (at all times Pom1 activity is low ~8 m from the 
cell tip). As fission yeast cells grow and become more 
elongated, there is a larger region of decreased Pom1 
levels at the cell equator (Figure 1.1B).  
The Pom1 gradient is proposed to spatially couple cell 
length with mitotic entry so that cells divide at a defined 
and reproducible size (Martin and Berthelot-Grosjean, 2009; 
Moseley et al., 2009). It has been discovered that Pom1 is 
a does-dependent G2-M inhibitor that negatively regulates 
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Cdr2, the Wee1 inhibitor (Figure 1.1C). It is known that 
Cdr2 localizes to the midcell. Therefore, in short cells, 
active Pom1 overlaps with Cdr2, preventing its inhibition 
of Wee1 that in turn suppresses Cdk1 activity to block 
mitotic entry. As cells elongate, Pom1 is cleared from the 
cell equator and releases the inhibition of Cdr1 and Cdr2. 
This model proposes that the Pom1 gradient generates 
information about cell size and coordinates this with 
mitotic entry by regulating Cdk1 through Cdr1, Cdr2, and 
Wee1 (Martin and Berthelot-Grosjean, 2009; Moseley et al., 
2009).    
 
Figure 1.1 The Pom1 concentration gradient in fission yeast 
cell growth. (A) A schematic for Pom1 concentration 
gradient in yeast cells, at early and late G2 (red shading 
represents Pom1 concentration). (B) Pom1 concentration 
profile along the cell growth axis, during early and late 
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G2. (C) Pom1 suppresses mitotic entry by inhibiting Cdr2, 
which downregulates Wee1, a Cdc2 (CDK1) inhibitor.  
 
Based on cell biological and biochemical analysis, 
reaction-diffusion mechanisms have been proposed to explain 
the formation of the Pom1 gradient. The two antagonistic 
reactions that control Pom1 membrane association are Pom1 
dephosphorylation and phosphorylation. Membrane association 
of Pom1 is promoted through dephosphorylation, which 
exposes a positively charged basic region that increases 
its membrane association. The dephosphorylation reaction is 
thought to be spatially regulated by Tea4, which is 
deposited by microtubules to the cell tips and facilitates 
interactions between Pom1 and its phosphatase Dis2 (Hachet 
et al., 2011). On the other hand, Pom1 autophosphorylation 
lowers its affinity for the membrane and promotes its 
detachment, limiting the lateral spreading of Pom1 along 
the membrane. Diffusion of Pom1 in cytoplasm allows its 
encounter with Tea4 to initiate a new cycle of membrane 
association. Therefore, this phosphorylation-
dephosphorylation reaction cycle, coupled with diffusion, 
is thought to shape the Pom1 polar gradients.  
 
1.2.2 Calcium gradients in plant pollen tube growth  
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As sperm cells in flowering plants are not motile, a 
highly specialized cell type called the pollen tube is 
essential to carry sperm cells to the ovule for 
fertilization. The pollen tube germinates from the pollen 
grain and grows the entire length through the stigma, style, 
ovary, and ovules to reach the egg cells (Figure 1.2A). 
Pollen tube growth is very rapid. For example, a pollen 
tube from maize can attain growth rates of 3 μm/s, which is 
one of the fastest-growing cell types known (Wilsen and 
Hepler, 2007). The growth is highly confined to the tip of 
the tube, and ions (e.g. calcium, protons, potassium and 
chloride) have been found to be necessary for this process 
(Holdaway-Clarke and Hepler, 2003). Here we address the 
role of a calcium gradient in pollen tube growth, as it is 
well-studied in this system.  
 
Figure 1.2 Calcium gradients in pollen tube growth. (A) A 
cartoon illustrating pollen tube growth after pollination. 
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(B) Cytoplasmic calcium concentration is elevated at the 
tip of the growing pollen tube (orange shading represents 
calcium concentration). (C) A graph showing the calcium 
concentration along the central axis of the pollen tube.  
  
 Ratiometric calcium imaging has revealed that there 
is a calcium gradient with the highest concentrations of 
calcium at the apical plasma membrane of the growing pollen 
tube. The gradient extends from 1-5 M Ca++ at the apex of a 
growing tube to a basal concentration of 150-300 nM Ca++ 
20m from the growing tube (Figure 1.2B, (Rathore et al., 
1991)). The formation of the calcium gradient depends on 
two antagonistic processes: calcium entry into pollen tubes 
and sequestration of the elevated calcium in cytoplasm. 
Calcium enters into pollen tubes mainly through 
extracellular calcium influx (Wilsen and Hepler, 2007). 
Studies with a calcium-selective vibrating electrode reveal 
an extracellular influx of calcium that is spatially 
focused toward the tip of the tube and is of substantial 




) (Holdaway-Clarke et al., 1997). 
In current models, such localized influx mainly depends on 
calcium channels. Stretch-activated calcium channels have 
been identified on the plasma membrane of both the grain 
and the tip of pollen tubes (Dutta and Robinson, 2004). It 
is speculated that deformation of the plasma membrane at 
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the tip during turgor-dependent cell elongation, would be 
sufficient to open stretch-activated calcium channels, 
which would then allow the rapid calcium influx into only 
the tip of the pollen tube. Besides the mechanosensitive 
calcium channel, other calcium selective channels are 
activated by hyperpolarization of the membrane potential 
and glutamate receptors that conduct calcium have also been 
identified (Shang et al., 2005; Wu et al., 2011; Wu et al., 
2010a; Wu et al., 2007). Additionally, calcium could be 
sequestered by efflux pumps or intracellular membrane 
systems (i.e. ER, mitochondria and secretory 
vesicles)(Hepler et al., 2012). Efflux pumps such as ACA9 
have been shown to distribute along the tip and shank of 
the pollen tube (Schiøtt et al., 2004), and thus would be 
poised to pump calcium out of these regions. Besides efflux 
pumps, it is known that ER lumen sequesters high levels of 
calcium (100-500 M), possiblythrough an ER lumen protein 
calreticulin, which is capable of binding 25 moles of 
calcium per mole of protein (Iwano et al., 2009). As 
cellular imaging reveals that elements of the ER 
continuously move toward the apex of the pollen tube and 
then turn rearward through the core of the pollen tube 
(Lovy-Wheeler et al., 2007), this streaming pattern is 
suggested to sequester calcium as the fresh supply of ER 
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sweeps through the tip region. Besides ER, a calcium pump 
(ECA3) is found on post Golgi endomembranes, which suggests 
that secretary vesicles may sequester calcium as well (Sze 
et al., 2006). It seems likely that different calcium 
sequestration pathways work together to maintain the 
gradient and restrict its spread into the pollen tube.  
Targets for calcium action at the apex of pollen tubes 
include the actin cytoskeleton, cell motility, and 
exocytosis of apically accumulated vesicles (e.g. those 
that contain cell wall precursors needed for cell 
elongation) (Holdaway-Clarke and Hepler, 2003). Several 
lines of evidence show that localized changes in calcium 
concentration at the tip control the direction of pollen 
tube growth. Experimentally imposing localized external 
gradients of an ionophore to facilitate ion transport, or 
an inhibitor of the calcium channel, induces predictable 
reorientation of pollen tube growth (i.e. bending towards 
the highest concentration of ionophore and away from the 
source of the inhibitor)(Malhó et al., 1995). Furthermore, 
localized photoactivation of caged Ca++ (nitr-5) in 
different pollen tube domains has revealed that increasing 
calcium concentration on one side of the pollen tube apex 
induced reorientation of the growth axis toward that side. 
A decrease in calcium concentration, through 
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photoactivating diazo-2 (a caged Ca++ chelator), promotes 
bending toward the opposite side (Malhó et al., 1995). 
These experiments suggest that calcium gradients at the tip 
of the pollen tube provide spatial cues for determining 
growth direction.  
 
1.2.3 Min gradient in bacteria cell division 
Rod-shaped bacteria generally divide with high 
precision along the midcell (deviation ~3%) so that a 
mother cell can produce two equally sized daughters 
(Guberman et al., 2008; Trueba, 1982). In current models, 
the mechanical force needed for constriction is provided by 
the tubulin homolog FtsZ, a GTPase protein, which localizes 
to the midcell and forms a ring-like structure (Adams and 
Errington, 2009). How FtsZ is spatially restricted to the 
division plane, well before constriction, is relatively 
well-understood in E. coli and this process involves 
formation of a Min protein gradient. 
The Min gradient involves three proteins: MinC, MinD 
and MinE. Initial analyses suggested that MinC and MinD 
localize to the two cell ends and block FtsZ assembly, 
whereas MinE forms a static ring at the midcell to clear 
MinC and MinD (de Boer et al., 1991; de Boer et al., 1989). 
More recently live cell imaging revealed that localization 
 13 
of these protein are dynamic rather than static: MinC and 
MinD oscillate rapidly between the two cell ends (1-2 min 
cycle time) (Raskin and de Boer, 1999b). During these 
oscillations, MinD levels grow from one pole toward the 
midcell and then shrink toward the same pole; as MinD 
disappears at one pole, it reappears at the opposite pole, 
finishing the other half of the cycle (Raskin and de Boer, 
1999b) (Figure 1.3A). MinE, instead of being static at the 
midcell, also oscillates and is tightly coupled to the 
edges of MinD (Fu et al., 2001; Hale et al., 2001) (Figure 
1.3A). As the oscillations occur on a timescale much 
shorter than cell division, it leads to a spatial gradient 
of MinD on time average, with the maximal protein 
concentration at the cell poles and minimal concentration 
at the midcell (Loose et al., 2011)(Figure 1.3B). This 
time-averaged gradient of MinC-MinD which peaks at the 
poles prevents lateral interactions between FtsZ filaments 
and weakens the longitudinal bonds between FtsZ molecules 
(Dajkovic et al., 2008; Hu and Lutkenhaus, 2000). This 




Figure 1.3 Min protein gradients in bacteria cell division. 
(A) A schematic illustrating MinC, MinD and MinE protein 
localization. MinC and MinD oscillate between two cell ends 
and MinE forms a band coupling to the edge of MinC and MinD. 
(B) A time average Min protein concentration profile along 
the long axis of the cell.   
 
The mechanism for Min protein oscillation and the 
subsequent gradient is not completely understood. 
Biochemical analysis showed that MinD is a membrane-bound 
ATPase and it could recruit MinC, an inhibitor of FtsZ ring 
formation (Bi and Lutkenhaus, 1991; Hu et al., 1999). MinD 
also recruits MinE, which stimulates MinD’s ATPase activity 
and subsequently displaces MinD from the membrane (Ma et 
al., 2003; Ma et al., 2004; Pichoff et al., 1995; Raskin 
and de Boer, 1997). MinE and MinC share the same binding 
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site on MinD and they compete with each other for MinD 
binding (Hu and Lutkenhaus, 2003; Lackner et al., 2003; Wu 
et al., 2010b). MinD and MinE are essential for the 
oscillation and MinC is dispensable (Hu and Lutkenhaus, 
1999; Raskin and de Boer, 1999a). Current model that 
explain the Min oscillations is based on reaction-diffusion 
mechanism. The model consists of two antagonistic reactions: 
cooperative MinD binding to the membrane and MinE 
displacing MinD from the membrane (Loose et al., 2008; 
Meinhardt and de Boer, 2001). Because MinE can remain 
attached to the membrane only in the presence of MinD, a 
MinE maximum causes its own local destabilization and 
shifts from local MinD depression into a neighboring region 
with higher MinD concentration. This results in a wave of 
MinE that sweeps MinD off the membrane. As the membrane-
bound MinD and freely diffusible MinE at one pole have 
diminished, a new MinD activation at the opposite pole is 
triggered and completes the cycle (Meinhardt and de Boer, 
2001). This model is supported by computational simulation 
and by in vitro reconstitution of the MinD-MinE wave 
formation on the membrane sheet (Loose et al., 2008). The 
mechanism of averaging the periodic variation (i.e. 
oscillation) in the protein localization to generate a 
gradient and define cellular position is interesting and 
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1.2.4 Ran gradient in animal cell division 
Accurate chromosome segregation in animal cells 
depends on proper assembly of the mitotic spindle, a 
bipolar array of microtubules that emanate from centrosomes 
at the two poles. Among the many pathways that contribute 
to the robustness of spindle assembly is the small GTPase 
Ran gradient (Clarke and Zhang, 2008; Kalab and Heald, 
2008). Ran GTPase cycles between GTP- and GDP-bound forms, 
and this is controlled by regulators with distinct 
localizations: Ran’s guanine nucleotide exchange factor 
(GEF) regulator of chromatin condensation 1 (RCC1), which 
binds to chromatin, promotes GDP exchange with GTP; Ran’s 
GTPase-activating protein RanGAP which accelerates Ran’s 
GTP hydrolysis is cytoplasmic (Clarke and Zhang, 2008). It 
has been observed that GTP-bound Ran forms a concentration 
gradient that peaks around chromatin (Figure 1.4A)(Kalab et 
al., 2006; Kalab et al., 2002). This gradient is thought to 
provide spatial cues for microtubules to assemble into a 
bipolar shape (Kalab and Heald, 2008).  
The role of Ran GTPase in regulating microtubule 
dynamics and spindle assembly was revealed in Xenopus 
extracts (Kalab et al., 1999). Addition of Ran GTPase 
activating protein (GAP) RanBP1 to the extracts reduced 
microtubule growth, while addition of a constitutively 
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active mutant of Ran promotes microtubule formation (Kalab 
et al., 1999). These effects have been shown to be mediated 
by cytoplasmic factors that promote microtubule 
polymerization and bundling. For example, RanGTP releases 
spindle assembly factors (SAF) such as TPX2 from importin  
nuclear transport receptors, so that SAFs could bind to 
microtubules and properly function (Gruss et al., 2001).  
There are dozens of regulators of mitotic spindle assembly 
that are bound and inhibited by importin , and are under 
regulation of RanGTP (Gruss et al., 2001; Nachury et al., 
2001; Wiese et al., 2001). In current models, the RanGTP 
gradient provides spatial cues to activate downstream SAFs 
around chromatin, so the spindle can properly assemble 
(Clarke and Zhang, 2008; Kalab and Heald, 2008).     
Imaging of a RanGTP binding probe has revealed the 
distribution of RanGTP to be anisotropic during cell 
division and it is most abundant around the chromatin 
(Kalab et al., 2006; Kalab et al., 2002). The generation of 
the gradient is thought to be driven by two opposing 
reactions: diffusion and a positive feedback loop. On one 
hand, GDP is exchanged for GTP in a molecule of Ran, by the 
chromatin-associated RanGEF RCC1 (Clarke and Zhang, 2008). 
On the other hand, the GTP hydrolysis reaction is promoted 
by both Ran GTPase enzymatic activity and RanGAP proteins 
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such as RanBP1 (Clarke and Zhang, 2008). As RCC1 is also a 
cargo that is released by importin  upon RanGTP binding, 
the increase in RanGTP around chromatin promotes delivery 
of additional RCC1 to chromatin, resulting in a positive 
feedback loop (Kalab and Heald, 2008). Likely due to the 
self-reinforcing feedback loop, the free RanGTP gradient 
has been shown to be very steep and does not extend over 
the full length of a spindle (Caudron et al., 2005). 
Therefore another mechanism must propagate the spatial 
information in addition to the RanGTP gradient.  
 
 
Figure 1.4 RanGTP gradients in spindle assembly. (A) A 
model for how the RanGTP gradient coordinates spindle 
assembly during mitosis (orange shading represents RanGTP 
concentration). As microtubule nucleation and stabilization 
is promoted at different RanGTP concentration thresholds, 
microtubule nucleation is promoted around chromosomes only. 
(B) A graph of the RanGTP gradient and the RanGTP-importin  
interaction gradient. The distance is from chromosomes. The 
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RanGTP gradient sets up the RanGTP-importin  gradient, 
which could extend over the spindle length.  
 
Interestingly, as RanGTP regulates microtubule 
dynamics via importin , a shallower interaction gradient of 
RanGTP-importin  that extends over the length of the 
spindle was discovered to be built upon the RanGTP gradient 
(Figure 1.4B). This interaction gradient has been observed 
in both Xenopus extracts and human cells (Caudron et al., 
2005; Kalab et al., 2006; Kalab et al., 2002). Although 
spindle length in Xenopus egg extracts is ~4-fold longer 
than in human cells, the RanGTP-importin  interaction 
gradient extends over the full length of the spindle in 
both systems, revealing the robustness of the gradient 
across species. In current models, by activating the 
release of SAFs, RanGTP-importin  can promote two different 
processes: microtubule nucleation and stabilization of 
growing microtubules (Caudron et al., 2005). Titration 
experiments in Xenopus egg extracts suggest that 
microtubule nucleation and stabilization are activated at 
two different threshold concentrations of RanGTP-importin 
with a higher concentration needed for nucleation 
(Caudron et al., 2005). As the RanGTP-importin  interaction 
gradient peaks around mitotic chromosomes and declines 
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further away, it has been proposed that such a gradient 
shape promotes microtubule nucleation only around the 
chromosomes while stabilizing microtubules over the entire 
spindle (Figure 1.4A). This threshold model of promoting 
different processes at different levels could explain how 
the RanGTP-importin  interaction gradient achieves fine-
tuning in spatial organization of spindle assembly (Caudron 
et al., 2005). The threshold model also has been used to 
explain the mechanism of action for morphogen gradients 
during development (Ashe and Briscoe, 2006).  
1.2.5 Substrate phosphorylation gradient of the Chromosomal 
Passenger Complex (CPC) in animal cell division 
Another gradient found during animal cell division is 
the substrate phosphorylation gradient of the Chromosomal 
Passenger Complex (CPC, comprised of Aurora B kinase, 
INCENP, Survivin and Borealin, Figure 1.5A). The CPC is 
required for chromosome condensation and cohesion, 
kinetochore-microtubule attachments, the spindle checkpoint, 
and cytokinesis (Ruchaud et al., 2007). Its functions are 
known to be tightly coupled to its dynamic localizations: 
the CPC localizes on condensing chromosomes in prophase and 
then concentrates at the inner centromeres until anaphase 
onset (Figure 1.5B,C, upper panels) (Ruchaud et al., 2007). 
The CPC then disembarks from inner centromeres to the 
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spindle midzone (Figure 1.5B,C, lower panels). The CPC 
phosphorylates a wide range of proteins, including 
condensins, centromere/kinetochore proteins (e.g. CENP-A, 
KNL1, Ndc80), proteins that modulate microtubule dynamics 
(e.g. MCAK, OP18, MKLP1), and proteins that regulate 
membrane contractility (e.g. Myosin II regulatory light 
chain) (Ruchaud et al., 2007). The CPC-substrate 
phosphorylation gradient has been proposed to provide 
spatial cues for these downstream effecter proteins (Fuller 
et al., 2008).       
Interestingly, the CPC-substrate phosphorylation 
gradient has been suggested to be present at two different 
stages of cell division, extending over dramatically 
different length scales. Imaging of the chromosome- and 
centromere-targeted FRET sensors for CPC activity, together 
with immunofluorescence of CPC endogenous substrates, 
revealed that a substrate phosphorylation gradient appears 
after anaphase onset (Fuller et al., 2008). The shape of 
the anaphase gradient is such that maximum phosphorylation 
is at the middle of the separating chromosomes, and the 
phosphorylation level is lower towards the two cell ends 
(Fuller et al., 2008). Besides the anaphase gradient, prior 
to anaphase, a putative CPC-substrate phosphorylation 
gradient that extends over ~1 m at the 
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centromere/kinetochore region, has been implicated by 




Figure 1.5 CPC-substrate phosphorylation gradients in 
mitosis. (A) A schematic of the CPC complex. Note that the 
structure of the coiled-coil region of INCENP is not solved 
yet. (B) Dynamic CPC localization. HeLa cells expressing 
mCherry-Aurora B are imaged live. DIC and mCherry-Aurora B 
images of a representative metaphase and anaphase cell are 
shown. (C) A schematic for CPC localization at metaphase 
and anaphase. (D) A schematic for a putative CPC-substrate 
phosphorylation gradient prior to anaphase onset. With bi-
oriented chromosomes, kinetochores are stretched and CPC-
substrates at the kinetochores are less phosphorylated, 
while in unattached chromosomes, CPC-substrates at 
kinetochores are highly phosphorylated. The orange shading 
represents CPC substrate phosphorylation. (E) A schematic 
for CPC-substrate phosphorylation gradient at anaphase. CPC 
substrates on chromosomes are more phosphorylated near the 
 25 
middle of the cell and less phosphorylated towards two cell 
ends. The purple shading represents phosphorylation.   
 
1.2.5.1 A putative CPC-substrate phosphorylation gradient 
centered at inner centromeres prior to anaphase 
A phosphorylation gradient centered at inner 
centromeres and extended over kinetochores has not been 
directly visualized, partially due to its length scale 
being close to the diffraction limit of light. However, its 
existence has been suggested by two approaches. First, 
phosphorylation levels of FRET-based sensors targeted to 
kinetochores vs. centromeres were compared in cells treated 
with small molecules that alter the relative positioning of 
kinetochores to centromeres (Liu et al., 2009). 
Phosphorylation of a CPC substrate at the kinetochore was 
found to depend on its distance from the kinase at the 
inner centromere. Second, phosphorylation levels of FRET-
based sensors that were targeted to different sites of the 
kinetochore were compared. Results from this experiment 
showed that the phosphorylation levels anti-correlate with 
the predicted distance from the sensor location to the 
inner centromere (Welburn et al., 2010). A reaction-
diffusion mechanism could explain this gradient: the CPC is 
activated by being locally concentrated at inner 
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centromeres, with active CPC being released to diffuse away 
from the centromere and subsequently inactivated by 
phosphatases.  
This inner centromere-centered gradient has been 
proposed to be the mechanism for how tension is sensed at 
centromeres/kinetochores to selectively stabilize correct 
microtubule attachments (Lampson and Cheeseman, 2010). As 
the CPC has multiple microtubule-binding substrates at 
kinetochores, the gradient is proposed to allow for the 
combinatorial phosphorylation of these substrates to 
generate graded levels of microtubule-binding activity, 
with high phosphorylation abolishing microtubule binding. 
The spatial distribution of the substrates along the 
kinetochore axis leads to their differential 
phosphorylation in response to changes in tension and 
attachment state. Therefore, the gradient in this system 
might promote a tension-dependent fine-tuning of 
kinetochore-microtubule interactions (Figure 1.5D). A key 
concern for this model is that differences in substrate 
positions at kinetochores are smaller than 100 nm (Wan et 
al., 2009; Welburn et al., 2010). Whether the gradient is 
steep enough to act on these length scales, is currently 
unclear and worth further examination. 
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1.2.5.2 A CPC-substrate phosphorylation gradient centered 
at the spindle midzone during anaphase 
The anaphase phosphorylation gradient of CPC-
substrates has been visualized by both FRET sensor imaging 
and immunofluorescence of endogenous CPC substrates (Fuller 
et al., 2008). The shape of the gradient is such that the 
highest phosphorylation levels are in the middle of the 
cell (Figure 1.5E). The mechanism for how this gradient is 
generated is likely to be a reaction-diffusion mechanism 
that is similar to the pre-anaphase gradient (Fuller et al., 
2008). According to theoretical models for phosphorylation 
gradient formation (Brown and Kholodenko, 1999), the 
difference in length scale for these two gradients could be 
due to the difference in local CPC concentration and the 
half-life of the CPC at centromeres vs. the spindle midzone.  
This anaphase gradient has been proposed to transmit 
signal over micron length scales, from the spindle midzone 
to the cell cortex, to specify furrow location (Fuller et 
al., 2008). However, the CPC is dispensable for cleavage 
furrow ingression. Whether and how the anaphase gradient of 
CPC-substrate phosphorylation contributes to cleavage 
furrow specification has not been functionally tested. To 
answer these questions, the shape of the gradient needs to 
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be perturbed and subsequent phenotypes should be examined 
in detail.      
 
1.3 Unresolved issues  
Here I have reviewed several intracellular gradients 
relevant in cell growth (either in size or in number), 
where spatial cues are essential in the signaling process. 
In most cases, the key components needed for generating the 
gradient have been identified by perturbation experiments. 
The generation of these gradients are frequently explained 
through reaction-diffusion mechanisms. However, pre-
existing cellular structures that could change diffusion 
rates and local protein concentrations, along with layered 
regulatory networks that could change reaction dynamics, 
often make the generation of gradients more complex than 
modeled by simple reaction-diffusion mechanisms. An 
outstanding question for most gradient systems is how the 
gradient functions in providing spatial cues. This question 
remains difficult to answer due to the challenges of 
separating the role of individual proteins from that of the 
gradient pattern.  
 
This thesis includes two parts. In the first part, I 
examined spatio-temporal dynamics of CPC-substrate 
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phosphorylation throughout mitosis, and analyzed the 
contribution of the anaphase CPC-substrate phosphorylation 
gradient to cytokinesis. In the second part, I described my 
efforts towards examining the microtubule crosslinking 
protein PRC1’s role in cytokinesis.  
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CHAPTER 2: MATERIALS AND METHODS 
 
2.1 Constructs used 
For microtubule-targeted sensor and phosphorylation 
site mutated sensor, first DNA encoding amino acid 590-964 
in hMAP4 was amplied from hMAP4 cDNA (Openbiosystem) and 
cloned into the cytosolic FRET sensor plasmid (a gift from 
Dr. E.A. Foley) (Fuller et al., 2008). Then CFP in the 
sensor was substituted by a CFP codon variant (a gift from 
E. Wang at Dr. M.A.Lampson’s lab). For chromosome-targeted 
FRET sensors, a CFP codon variant was also cloned into the 
construct to substitute the CFP in previous plasmids 
(Fuller et al., 2008). mCherry-INCENP wild type was 
constructed by cloning human INCENP construct that is 
resistant to RNAi (a gift from S.M.A. Lens) into pMSCV N-
terminal mCherry destination vector by gateway cloning 
according to Invitrogen gateway cloning manual. mCherry-
INCENP T59E mutant was generated by quick-change method. 
GFP-anillin was constructed by cloning anillin cDNA (a gift 
from M. Glotzer) into pMSCV N-terminal GFP destination 
vector by gateway cloning. GFP-PRC1 was constructed by 
cloning GFP-PRC1 (a gift from Dr. R. Subramanian) into 
pMSCV destination vector by gateway cloning. GFP-PRC1 
wildtype that is resistant to RNAi (a gift from Dr. R. 
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Subramanian), and GFP-PRC1 floppy linker mutant (a gift 
from Dr. R. Subramanian) was cloned into pMSCV destination 
vector by gateway cloning. GFP-EB1 was a gift from Dr. B. 
Houghtaling. For FKBP-FRB dimerizer plasmids, pMSCV H2B-
mCherry-FRB was used (a gift from Dr. E.A. Foley). FKBP-
GFP-Aurora B plasmid was constructed by gateway 
recombination of Aurora B entry clone and pMSCV FKBP-GFP 
destination vector (a gift from Dr. E.A. Foley). 
 
2.2 FRET sensor substrate sequence  
The Aurora sensor uses ‘KVNKIVKNRRTVAI’ as its 
substrate sequence(Fuller et al., 2008). The Plk sensor 
uses ‘LLLDSTLSINWD’ as its substrate sequence(Fuller et al., 
2008).  
 
2.3 Cell culture 
Cells were cultured in DMEM (Invitrogen, for 293-Ampho 
cells) or DMEM/F12 1:1 nutrient mix (Invitrogen, for hTERT-
RPE1 cells) supplemented with 10% FBS (Atlanta Biologicals) 
and penicillin-streptomycin (100 U/ml and 100 μg/ml 
respectively, Invitrogen), at 37°C in a humidified 
atmosphere with 5% CO2. Cell lines used for imaging are 
retroviral stable cell lines. Retroviruses were generated 
by transfecting 293-Ampho cells by calcium phosphate 
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precipitation. hTERT-RPE1 cells were then infected by 
retrovirus with 4 μg/ml polybrene (Sigma) and selected by 
puromycin (Sigma), G418 (Sigma), or blasticidin (Sigma).  
RNAi transfections were carried out by using 
Invitrogen RNAi Max reagent following the manufacturer’s 
instructions. Cells were then either plated in 6-well 
plates (for immunoblots) or on No. 1.5 12 mm circular 
coverslips (for immunofluorescence, Fisher Scientific). For 
Aurora B RNAi experiments, hTERT-RPE1 cell lines expressing 
the Aurora FRET sensor were transfected with Aurora B siRNA 
oligos (5’- AACGCGGCACUUCACAAUUGA-3’) (Fuller et al., 2008). 
For INCENP RNAi experiments, hTERT-RPE1 cell lines 
expressing either mCherry-INCENP wildtype or T59E mutant 
were transfected with INCENP siRNA oligos (5′-
UGACACGGAGAUUGCCAAC-3′) (Vader et al., 2006). For PRC1 RNAi 
experiments, hTERT-RPE1 cell lines expressing the siRNA-
resistant PRC1 wildtype or floppy linker mutants were 
transfected with PRC1 siRNA oligos (5’- 
GGCUUCUAGGCGUGAGGAG-3’)(Neef et al., 2007). 
For monopolar cytokinesis, coverslips were incubated 
in medium with kinesin-5 inhibitor STLC (2 M, Sigma, 
dissolved in DMSO) and ethanol (0.1%, pharmco, solvent for 
purvanol A) for 5 hours and then exchanged into medium with 
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both STLC (2 M, Sigma) and Cdk1 inhibitor purvanol A (30 M, 
Tocris bioscience, dissolved in ethanol)(Hu et al., 2008). 
  
2.4 Live Cell Imaging 
hTERT-RPE1 cells were grown on poly-D-lysine (Sigma)-
coated No. 1.5 22x22mm coverslips (Fisher Scientific) and 
mounted in a Rose chamber in L-15 media without phenol-red 
(Invitrogen, imaging media). The media was supplemented 
with 10% FBS. The imaging chamber was maintained at 35 °C 
to 37 °C by an air stream stage incubator (Nevtek). The 
FRET sensor was imaged and the data was processed as 
published(Fuller et al., 2008). For linescan projections of 
the emission ratio images, custom software was written in 
Matlab (Mathworks). Briefly, emission ratios were 
calculated for intensities above background. The spindle 
axis was determined by connecting the two centrosomes of 
the cell and the position of the midpoint between the two 
centrosomes was set to be zero. Emission ratios of pixels 
with the same position along the spindle elongation axis 
were averaged and the standard deviation was calculated. 
The linescan projection was generated by plotting the 
averaged emission ratio against position, with standard 
deviation for the emission ratio at all positions.  
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For imaging the FRET sensors, cells that have both 
spindle poles within 2 m distances in the z-direction were 
imaged, so as to reduce errors from stack averaging. For 
imaging sensors in Aurora kinase inhibition experiment in 
Fig. 2, rose chambers with cells expressing FRET sensors 
were assembled with 0.1% DMSO (solvent for ZM447439) in 
imaging media.  Metaphase cells were found and tracked 
until anaphase onset and then media was exchanged to 
imaging media with ZM447439 (10 M, Chemietek, dissolved in 
DMSO). Cells were then imaged every 2 min for 12 min.  
For imaging FRET sensors in other small molecule 
inhibitors (i.e. ZM447439 (chemietek), latrunculin B (Sigma) 
and BI2536 (Steegmaier et al., 2007)), rose chambers with 
cells expressing FRET sensors were assembled with 0.1% DMSO 
(solvent for ZM447439, latrunculin B and BI2536) in imaging 
media. In the case of ZM447439, cells were incubated with 
0.3 M inhibitor for 30 min and then subjected to imaging. 
Metaphase cells that show a clear metaphase plate and have 
both spindle poles within 2 m distances in z-direction were 
imaged. For latrunculin B and BI2536 experiments, metaphase 
cells were located and media was exchanged to imaging media 
containing 2 M latrunculin B or 250 nM BI2536. Anaphase 
cells were tracked for >20 min post anaphase onset.  
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For near-simultaneous imaging of FRET sensors and 
mCherry-INCENP in live cells (Fig. 2, Fig. 4), FRET sensors 
were imaged as above, using a camera (Photometrics 512B) 
mounted on the microscope’s sideport. mCherry-INCENP images 
for the same cells were collected near simultaneously using 
epi-fluorescence on a separate camera (Photometrics HQ), 
mounted on the microscope’s baseport. 
For GFP-anillin analysis in Fig. 4, hTERT-RPE1 cell 
lines stably expressing GFP-anillin, GFP-PRC1 and mCherry-
INCENP wild type or T59E were used. Confocal fluorescence 
images were acquired every 10s using a Nikon TE2000 
microscope (Morrell Instruments) with a PlanApo 100× NA 
1.40 objective. Anaphase onset (time zero) was determined 
based on centromere separation in the mCherry-INCENP 
channel. The equatorial plane was determined by averaging 
the GFP-PRC1 localization from images at 330s, 340s and 
350s. Linescans (width = 10 pixels) were generated for 
images from all timepoints. For each linescan profile, 
there are two peaks for GFP-anillin signal, corresponding 
to the two edges of the cell. The maximum GFP-anillin 
signal intensity Ip (for the equatorial GFP-anillin signal 
at each timepoint) was calculated by averaging three pixels, 
with the maximum intensity pixel at the center, for each 
cell edge (i.e. averaging signal for a total of 6 pixels). 
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The relative enrichment factor was calculated using the 
following equation: (Ip(t) - Ip (t=0) ) / (Ip(t=0) ), and 
was plotted against time. These analyses were carried out 
using MATLAB. 
For micromanipulation experiments with microneedles, 
REP1 cell lines expressing GFP-PRC1 and GFP-anillin were 
plated on collagen-coated coverslips and the coverslips 
were assembled in an open rose chamber. The 
micromanipulation was performed following published set-up 
(Shimamoto et al., 2011). 
For FKBP-FRB dimerizer imaging, Hela cells co-
expressing FKBP-GFP-Aurora B and H2B-mCherry-FRB were 
treated by either DMSO control or 20 nM Rapamycin. The 
cells were imaged live by confocal microscopy.  
For live cell imaging of GFP-EB1, spinning disk 
confocal microscopy was employed. Stable RPE1 cell lines 
expressing GFP-EB1 and mCherry-INCENP were imaged live 
every 1s. Single images were taken each time. Images were 
then analyzed using the methods that have been previously 




Cells were incubated in 10 M nocodazole (Sigma) 
containing medium for 16 hours before harvest. Cells were 
then lysed and subjected to SDS-PAGE followed by 
immunoblotting. Primary antibodies used in immunoblotting 
are: anti-INCENP (AbCam), anti-cyclin B (BD Biosciences), 
anti-PP2A (Santa Cruz). IRDye 800 goat anti-rabbit or anti-
mouse IgG (Li-Cor) was used according to manufacturer's 
instructions. Blots were detected and quantified using the 
Odyssey Infrared Imaging System (Li-Cor). 
 
2.6 Immuno-fluorescence Microscopy 
Coverslips were first fixed in 4% formaldehyde in PBS 
buffer at room temperature for 10 min and then incubated in 
methanol at -20 °C for 10 min. Subsequently, coverslips 
were washed with PBS and 0.5% Triton X in PBS (PBS-tx). 
Washed coverslips were blocked in 5% BSA in PBS-tx for 30 
min. Primary antibodies were incubated in 2% BSA in PBS-tx 
and are from the following sources: anti-Plk1 (Santa Cruz); 
Rabbit polyclonal anti-PRC1; Aurora B antibody (anti-AIM-1, 
Signal Transduction Labs); anti-MKLP1 (Santa Cruz); FITC 
conjugated anti-tubulin DM1-a (Sigma). DNA was stained with 
DAPI (Invitrogen). Secondary antibodies used are Dylight-
conjugated donkey anti-rabbit and anti-mouse antibodies 
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(Jackson Immunological Laboratories). For RhoA 
visualization, cells were fixed with 10% Trichloroacetic 
acid (Sigma) on ice for 10 min and stained with anti-RhoA 
(Santa Cruz). Images were acquired as Z-stacks with 0.15 m 
spacing using a 100x, 1.35 NA objective on a DeltaVision 
Image Restoration Microscope (Applied Precision Instruments, 
Issaquah, WA and Olympus, Melville, NY), and processed by 
iterative constrained deconvolution (SoftWoRx, Applied 
Precision Instruments). Maximal intensity projections of 
the entire Z-stack are shown. Linescans for immuno-
fluorescence images were generated using ImageJ software. A 
line with 3.7 m width was drawn by connecting the two 
spindle poles and an averaged plot profile was generated. 




CHAPTER 3: Examining the dynamics of Aurora kinase-
dependent phosphorylation during cell division   
 
3.1 Background information    
Dynamic microtubule-based structures are required for 
the stable propagation of genomes through cell division 
(Walczak et al., 2008). It is generally agreed that these 
structures self-organize, a process by which complex 
architectures arise from the multiplicity of interactions 
involving key proteins that follow simple rules and respond 
to positional cues (Nédélec et al., 2003). These cues, 
which must vary on the relevant length-scale, can be 
mechanical (e.g. forces that unbind a protein from a 
microtubule or stall a motor protein) or chemical (e.g. a 
post-translational modification that can activate an 
enzyme). At least two different chemical cues that form 
spatial gradients within single dividing cells have been 
described. First, a gradient of GTP-bound Ran can be 
observed before anaphase and contributes to metaphase 
spindle assembly (Bastiaens et al., 2006; Kalab and Heald, 
2008). Second, a gradient of phosphorylated substrates of 
the chromosomal passenger complex (CPC, comprised of Aurora 
B kinase, INCENP, Survivin and Borealin) can be observed 
between segregating chromosomes during anaphase (Fuller et 
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al., 2008; Ruchaud et al., 2007). In contrast to the Ran 
gradient, the CPC-substrate phosphorylation gradient 
remains poorly characterized and its contributions to cell 
division remain untested.  
The CPC is a widely conserved regulator of several 
processes required for mitosis, including bipolar spindle 
assembly, chromosome-microtubule attachment and spindle 
midzone formation (Ruchaud et al., 2007). To carry out 
these different functions, CPC’s localization changes 
through mitosis, with the protein complex binding along 
chromosomes when cells enter mitosis, concentrating at the 
inner centromeres prior to anaphase and relocating to the 
spindle midzone upon anaphase onset (Carmena and Earnshaw, 
2003). A spatial gradient of CPC-substrate phosphorylation 
at anaphase was observed using FRET-based sensors and 
antibody-based analyses (Fuller et al., 2008). As the peak 
of the substrate phosphorylation gradient coincides with 
CPC localization during anaphase, it is tempting to 
speculate that kinase localization determines the shape of 
the gradient. Consistent with this hypothesis, disruption 
of the spindle midzone using microtubule poisons or 
knockdown of MKLP2 (a kinesin required for proper CPC 
localization) prevents the proper establishment of the 
spatial phosphorylation gradient (Fuller et al., 2008). 
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However, since these perturbations can interfere with other 
signaling pathways, such as Polo-like kinase (Plk) 
signaling (Barr et al., 2004), a proper test of the role of 
CPC localization in determining the shape of this spatial 
phosphorylation gradient is lacking. 
The possibility that CPC-dependent spatial gradients 
are present prior to anaphase has been raised by two 
different observations. First, phosphorylation levels of 
CPC-substrates at centromeres/kinetochores have been shown 
to depend on their distance from the inner centromere, 
where the CPC is concentrated (Lampson and Cheeseman, 2011). 
Second, it has been shown that chromosomes can enrich and 
activate the CPC (Kelly et al., 2007), and therefore, there 
is likely to be higher probability of substrate 
phosphorylation near chromosomes, than at cell edges that 
can be several microns away. However, a spatial CPC-
substrate phosphorylation gradient has not been observed 
before anaphase.  
As Aurora B kinase localization is dynamic and there 
is extensive cellular reorganization during cell division, 
observing gradients of Aurora substrate phosphorylation is 
likely to require live reporters. The FRET-based sensors 
previously used to analyze the gradient during anaphase in 
live cells did not reveal spatial phosphorylation gradients 
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at earlier stages of cell division (Fuller et al., 2008). 
This could be in large part due to the fact that these 
sensors were targeted to chromosomes and, therefore, 
phosphorylation dynamics could only be analyzed at cellular 
sites where chromosomes were present (Figure 3.1)(Fuller et 
al., 2008). Moreover, FRET-sensors freely diffusing in the 
cytoplasm did not reveal spatial patterns of substrate 
phosphorylation, most likely due to the degradation of the 
gradient by diffusion of the sensors (Fuller et al., 2008). 
Therefore, a sensor that has restricted diffusion and 
allows continuous measurements of phosphorylation levels 
across the dividing cell is needed. In this chapter, I 
describe the development of a microtubule-targeted FRET 
sensor that allows for characterization of the temporal 
dynamics of the spatial phosphorylation gradient for Aurora 
substrates throughout cell division.  
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Figure 3.1  
The chromatin-targeted FRET sensor for Aurora kinase 
activity does not readily allow for spatially continuous 
measurements of substrate phosphorylation during anaphase. 
(A) A cell expressing chromatin-targeted FRET sensor is 
imaged through anaphase. DIC, YFP and color-coded emission 
ratio images are shown. (B) Corresponding linescan 
projections of emission ratios along the spindle elongation 
axis are shown. Timestamps are relative to anaphase onset. 
Error bars, SD. Scale bar, 5μm. 
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3.2 Development of a microtubule-targeted sensor that 
reports on Aurora substrate phosphorylation    
I developed a microtubule-targeted FRET-sensor by fusing 
the MAP4 microtubule-binding domain (amino acids 590-964) 
to the N-terminus of the Aurora cytosolic sensor (Figure 
3.2A). Using an hTERT-RPE1 cell line that stably expresses 
the microtubule-targeted sensor, I verified that the sensor 
localizes to microtubules (Figure 3.2B), and its expression 
altered neither the mitotic index nor the error rate of 
chromosome segregation (Figure 3.2C).  
I found that phosphorylation of the microtubule-targeted 
sensor, measured by calculating CFP:YFP emission ratio, 
mainly depends on Aurora B kinase activity. Live cell 
imaging revealed that in mitosis, when Aurora B is 
activated, the sensor showed a high CFP:YFP emission ratio 
(0.59 ± 0.05, n = 42 cells), corresponding to a highly 
phosphorylated state. In interphase, when Aurora B levels 
are low, the sensor showed a low CFP:YFP emission ratio 
(0.92 ± 0.05, n = 42 cells), corresponding to a 
dephosphorylated state (Figure 3.3A,B). Mutation of the 
phospho-acceptor threonine in the substrate to alanine (Thr 
to Ala control) or Aurora B knockdown by RNAi led to a low 
emission ratio in both mitotic and interphase cells (Figure 
3.3A,B). From these results, I conclude that the 
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phosphorylation of the microtubule-targeted sensor by 
Aurora B kinase could be examined by measuring the CFP:YFP 
emission ratio of the sensor. 
 
Figure 3.2 
Development of a microtubule-targeted FRET sensor. 
(A) Schematic shows the design of the microtubule-targeted 
FRET-sensor of Aurora B activity. The microtubule-binding 
domain is from MAP4. (B) The microtubule-targeted FRET 
sensor localizes to microtubule bundles in mitosis. An 
hTERT-RPE1 cell expressing the sensor was fixed and 
processed for immuno-fluorescence (tubulin:green and 
sensor:red). Scale bar, 5μm. (C) Analysis of mitotic index 
and errors in chromosome segregation during anaphase for 
cells stably expressing the microtubule-targeted FRET 
sensor.  Comparison between hTERT-RPE1 cells (control) and 
hTERT-RPE1 cells expressing the microtubule-targeted AurB 
sensor are shown (N= 4500 cells for mitotic index of each 
cell line; N > 2000 anaphase cells for lagging chromosome 
rate of each cell line; three independent experiments). 
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Figure 3.3  
Microtubule-associated phosphorylation in mitosis depends 
on Aurora B. (A) The FRET sensor shows phosphorylation 
associated with microtubules in mitosis. hTERT-RPE1 cells 
expressing the FRET sensor, or a mutated sensor (Thr to Ala) 
as a control, were imaged live. Upper panels, unprocessed 
CFP images; lower panels, color-coded images of the CFP:YFP 
emission ratio. Note that higher emission ratio (more 
yellow/white) indicates high phosphorylation. Scale bars, 
5μm. (B) Microtubule-associated phosphorylation in mitosis 
depends on Aurora B. Analysis of CFP:YFP emission ratios in 
mitosis and interphase for sensor (N=42 cells), mutated 
sensor (N=35 cells), and for sensor after knockdown of 
Aurora B by RNAi (N=23 cells). Imaging of Aurora B 
depletion in single cells was conducted by fixation, 
processing for immuno-fluorescence, and relocation using 
coverslips with grids. 
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3.3 Temporal and spatial phosphorylation dynamics of 
microtubule-targeted Aurora sensor during mitosis 
I first examined the temporal dynamics of Aurora substrate 
phosphorylation during mitosis. Time-lapse imaging of the 
sensor revealed that before nuclear envelope breakdown (NEB) 
the average CFP:YFP ratio was low (0.62 ± 0.04, n > 10 
cells; Figure 3.4A), similar to that during interphase, 
when the CPC is down-regulated (Honda et al., 2003), and to 
that observed for the phosphorylation-site mutated sensor 
(Thr to Ala; Figure 3.3A,B). Together, these data suggest 
that this ratio likely corresponds to an unphosphorylated 
state of the sensor. As mitosis progressed, the average 
CFP:YFP ratio increased and then remained largely constant 
(CFP:YFP ratio 0.96 ± 0.06, n > 10 cells; Figure 3.4B) 
until anaphase onset. At anaphase, the average CFP:YFP 
ratios indicated that the sensor dephosphorylated slowly, 
with levels reducing ~20% towards the end of cleavage-
furrow ingression (Figure 3.4B).  
I then examined the spatial dynamics of Aurora 
substrate phosphorylation throughout cell division. 
Interestingly, the microtubule-targeted FRET sensor 
revealed a spatial gradient at the very early stages of 
mitosis. Just after NEB, CFP:YFP emission ratios were 
highest at the center of the emerging bipolar spindle and 
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reduced at astral microtubules that extended from spindle 
poles to the cell cortex (Figure 3.4C-G, slope 0.02 ± 0.01 
m-1, n = 4 cells). After ~9 minutes the spatial gradient 
could not be detected (Figure 3.4C, lower panels). As this 
transient gradient had not been previously captured using 
chromosome-targeted sensors, I examined the response of the 
sensor after Aurora B RNAi knockdown or chemical inhibitor 
treatment. I found that, similar to the chromosome-targeted 
sensor, the majority of the microtubule-targeted sensor’s 
response depended on the Aurora B kinase at prometaphase, 
as it did at metaphase and anaphase (Figure 3.4H-M) (Tseng 
et al., 2010). While it is unlikely that the sensor can 
discriminate between closely related kinases (e.g. Aurora A 
and Aurora B), this response likely reflects functional 
differences between these kinases. Additional studies using 
antibodies to native phosphorylated substrates will be 
needed to analyze this further.   
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Figure 3.4  
A microtubule-targeted FRET-sensor reveals a gradient for 
Aurora substrate phosphorylation at early cell division. (A) 
The CFP:YFP emission ratio averaged for RPE1 cells 
expressing the microtubule-targeted sensor (n > 10), as 
they entered mitosis. Time zero represents nuclear envelope 
breakdown (NEB). Error bars, SEM. (B) The same analysis was 
carried out for cells undergoing anaphase (n > 10). Time 
zero represents anaphase onset. (C) A cell expressing the 
FRET-sensor was imaged through prophase-prometaphase. DIC, 
YFP (at two different contrast settings), and color-coded 
emission ratio images are shown. Time zero represents NEB. 
(D) Averaged linescan projections along the spindle axis 
for the corresponding color-coded emission ratio images in 
(C). Error bars, SD. (E) Color-coded image of emission 
ratio from 4 min timepoint in (C), adjusted for a smaller 
range of emission ratios. (F-G) A prometaphase cell was 
imaged live. DIC, YFP at two different intensity scales, 
emission ratio images are shown (F). Corresponding averaged 
linescan projection is shown (G). Error bars, SD. (H-I) A 
cell expressing the microtubule-targeted sensor lacking the 
phospho-acceptor threonine (mutated to alanine) was imaged 
through prophase-prometaphase. DIC, YFP and emission ratio 
images are shown (H). Corresponding linescan projections 
are shown (I). (J-K) A prometaphase cell expressing the 
microtubule-targeted sensor treated with Hesperadin (100nM). 
DIC, YFP and emission ratio images are shown 
(J).  Corresponding linescan projections are shown (K). (L-
M) A prometaphase cell in which Aurora B is depleted by 
RNAi. DIC, YFP and color-coded images of the CFP:YFP 
emission ratio are shown (L).  Corresponding linescan 
projections are shown (M). Error bars, SD. Scale bar, 5μm.
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To examine if the CPC-substrate phosphorylation 
gradient could not be detected at metaphase due to the 
increasing levels of substrate phosphorylation (such that 
the ‘valleys’ on either side of the peak are ‘filled’), I 
used the Aurora kinase inhibitor ZM447439 to partially 
suppress overall phosphorylation. As essentially complete 
inhibition of substrate phosphorylation is achieved at ~2 M 
ZM447439 (Ditchfield et al., 2003), I used 0.3 M inhibitor 
for partial inhibition. Under these conditions, the average 
CFP:YFP ratio is 0.83 ± 0.04 (n=47 cells), indicating that 
the substrate phosphorylation is partially suppressed and 
is comparable to that in anaphase cells. A spatial pattern 
similar to that observed at prometaphase, such that CFP:YFP 
emission ratios peak between the two spindle poles (the 
slope was comparable to that in prometaphase cells), was 
detected in a subset of cells at metaphase (10 out of 47 
cells, Figure 3.5A,B). In several other cells, an 
asymmetric pattern could be detected, with maximal 
phosphorylation positioned away from the center of the 
spindle (11 out of 47 cells; Figure 3.5C-F). The reason for 
this asymmetry could be due to the presence of single or 
only a few chromosome(s), where the source of the gradient 
is positioned, at one spindle pole. These chromosomes are 
likely to be common when the CPC is inhibited (Ruchaud et 
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al., 2007), and are difficult to detect by DIC imaging in 
rounded-up metaphase cells. This is also likely to be the 
reason that a robust gradient cannot be detected in 
approximately half of the metaphase cells imaged at the 
presence of low doses of the inhibitor. Together, these 
data are consistent with the hypothesis that increased 
levels of substrate phosphorylation at metaphase can mask 
CPC-dependent spatial patterning of phosphorylation. At 
this stage, I cannot exclude the possibility that these 
observations reflect limitations of this sensor-based 
analysis. As there are no available phospho-specific 
antibodies against endogenous CPC substrates that 
distribute uniformly across the spindle, additional tests 




DIC, YFP and color-coded emission ratio images, along with 
corresponding averaged linescan projections along the 
spindle axis, are shown for cells expressing the 
microtubule-targeted FRET-sensor. Three metaphase cells 
treated with 0.3 M ZM447439 (A-F), a cell at anaphase (G,H), 
an anaphase cell expressing the microtubule-targeted sensor 
lacking the phospho-acceptor threonine (mutated to alanine, 
I,J), an anaphase cell treated with Aurora kinase inhibitor 
Hesperadin (100nM, K,L), and an anaphase cell in which 




I next examined the spatial organization of CPC-
substrate phosphorylation during anaphase. Similar to what 
is revealed by chromatin-targeted sensors, the highest 
levels of phosphorylation coincided with the spindle 
midzone and phosphorylation levels were reduced near each 
spindle pole (Figure 3.5G,H). This anaphase gradient also 
depends on CPC activity, as using the phosphorylation-
mutant sensor or inhibition of CPC activity by either 
chemical inhibitor or Aurora B RNAi abolished the gradient 
pattern formation (Figure 3.5I-N). In addition, the 
microtubule-targeted sensor revealed that the gradient 
emerged when chromosome segregation began. The slope of the 
gradient, as measured from its peak at the center of the 
spindle midzone towards a spindle pole, increased over time 
(from 0.02±0.01 m-1 before the appearance of the cleavage 
furrow; 0.04±0.02 m-1 after cleavage furrow ingression 
starts (n = 16 cells); Figure 3.5H). Importantly, the site 
of maximum phosphorylation remained unchanged throughout 
anaphase (Figure 3.5H). Interestingly, the appearance of 
the anaphase gradient also coincided with decreasing 
phosphorylation after anaphase onset, consistent with the 
observation that decreased substrate phosphorylation at 
metaphase reveals CPC-dependent spatial patterning.  
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3.4 The shape of the Aurora-substrate phosphorylation 
gradient can be perturbed without altering the overall 
substrate phosphorylation level 
To analyze factors that contribute to the shape of the 
CPC-substrate phosphorylation gradient, I focused on the 
analysis of cells undergoing anaphase. In principle, the 
gradient’s shape is controlled by the intracellular 
localization of the kinase or the phosphatase, which serve 
as the phosphorylation ‘source’ and ‘sink’, respectively. 
The phosphatase(s) contributing to this phosphorylation 
gradient are not known. Therefore, I focused on altering 
the spatial distribution of CPC activity without inhibiting 
the kinase directly. The relocation of the CPC from 
centromeres to the spindle midzone depends on the 
dephosphorylation of INCENP at threonine-59 (Thr-59) 
(Hümmer and Mayer, 2009). Mutation of Thr-59 to glutamate 
(Glu) only affects CPC localization after anaphase onset, 
without disrupting its metaphase functions (Hümmer and 
Mayer, 2009). Therefore, I knocked down endogenous INCENP 
using RNAi and added back an mCherry-INCENP T59E mutant 
(hereafter, referred to as T59E-addback cells) or an 
mCherry-INCENP wild-type construct (hereafter, WT-addback 
cells) as a control (Figure 3.6A,B). As anticipated, in 
T59E-addback cells, the CPC properly concentrated at 
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centromeres before anaphase (Figure 3.6C), but remained 
enriched at chromosomal sites during anaphase and could not 
be detected at the spindle midzone (Figure 3.6C).   
 
Figure 3.6 
Examining CPC localization in cells after INCENP knockdown 
and add-back of the WT or T59E mutant of INCENP. (A) A 
schematic of CPC (orange dot) mislocalization on 
chromosomes (blue) during anaphase. (B) A representative 
western blot showing knockdown of endogenous INCENP and 
expression of mCherry-INCENP constructs. Cyclin B (cycB) 
and PP2A are loading controls. (C) WT- and T59E-INCENP-
addback cells were fixed and stained to label chromosomes 
(DAPI), tubulin, Aurora B and mCherry-INCENP. Pre-anaphase 
(upper two panels) and anaphase (lower two panels) cells 
are shown here. Scale bar, 5 m. 
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I next examined CPC-substrate phosphorylation in cells 
where the CPC was mislocalized. While the microtubule-
targeted sensor revealed a persistent gradient in WT-
addback cells (Figure 3.7A), no robust spatial pattern of 
CPC-substrate phosphorylation was apparent in T59E-addback 
cells throughout anaphase (Figure 3.7B). Importantly, the 
averaged CFP:YFP ratio was similar across microtubules in 
T59E- and WT-addback cells (Figure 3.7C).  In contrast, 
when an Aurora kinase inhibitor was added to cells entering 
anaphase, the sensor revealed a ~7-fold lower average 
phosphorylation during cleavage furrow ingression (t=6 min 
onward) (Figure 3.7D). Together, these data indicate that 
in T59E-addback cells the shape of the CPC-substrate 
phosphorylation gradient was altered without significant 
changes in overall phosphorylation levels. Therefore, our 
data suggest that the shape of the substrate 
phosphorylation gradient is coupled to kinase localization. 
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Figure 3.7 
The microtubule-targeted FRET-sensor reveals that while 
improper CPC localization disrupts the formation of the 
spatial phosphorylation gradient, average substrate 
phosphorylation remains unchanged. (A-B) A WT-(A) or T59E-
(B) INCENP-addback cell expressing the microtubule-targeted 
FRET-sensor was imaged through anaphase. DIC, YFP, color-
coded emission ratio images are shown, timestamps are 
relative to anaphase onset. (C) Overlaid averaged linescan 
projections along the spindle axis for WT- and T59E- 
INCENP-addback cells in (A,B). Error bars, SD. (D) Cells 
expressing microtubule-targeted sensor that are either WT- 
(n > 10) or T59E-INCENP-addback (n > 20), or treated with 
Aurora kinase inhibitor ZM447439 (10 M, added at anaphase 
onset, n = 3), were imaged live through anaphase. The 
CFP:YFP emission ratio at each time point was averaged and 
normalized (setting the interphase ratio to 0, and the 
metaphase ratio to 100). Note that decreased emission ratio 







I next asked whether kinase localization at the spindle 
midzone is sufficient for establishing a substrate 
phosphorylation gradient. Like Aurora B kinase, Plk1 also 
localizes to the spindle midzone at anaphase (Figure 
3.8A)(Barr et al., 2004). I generated similarly designed 
microtubule-targeted Plk sensors, with three different 
unrelated substrate sequences: Myt1, BRCA2, and c-jun 
((Fuller et al., 2008; Macurek et al., 2008), M. Lampson 
unpublished data). These microtubule-targeted Plk sensors 
did not reveal spatial phosphorylation patterns, while Plk-
dependent phosphorylation could be observed (Figure 3.8B-E). 
These data suggest that kinase localization alone is not 
likely to be sufficient to generate micron-scale gradients 
of substrate phosphorylation. At this stage, it is 
difficult to rule out the possibility that the lack of Plk-
dependent spatial gradient is a limitation of the sensors 
we have used, and further experiments using phospho-
specific antibodies against endogenous microtubule-bound 




Analysis of a microtubule-targeted FRET-sensor for Polo-
like kinase activity. (A) Immunofluorescence images of 
Aurora B or Plk1 (red), tubulin (green) and DNA (blue). (B) 
Cells expressing the Plk FRET-sensor imaged live. DIC, YFP 
and CFP:YFP emission ratio images are shown. (C) Analysis 
of CFP:YFP emission ratios in mitosis and interphase for 
the Plk sensor (n = 30 cells), and for the sensor in 
mitosis after Plk inhibition by BI2536 (100 nM; n = 27 
cells) or Aurora inhibition by ZM447439 (2 M; n = 30 cells). 
(D) Analysis of the Plk sensor in mitotic cells treated 
with BI2536 (100 nM). Average CFP:YFP emission ratios are 
plotted against time (n = 10). (E-F) Microtubule-targeted 
Plk sensor is imaged through anaphase. DIC, YFP and 
emission ratio images are shown (E). Corresponding linescan 
projections are shown (F). Timestamps are relative to 
anaphase onset. (G-H) Images of cells expressing a 
microtubule-targeted Plk sensor with the phospho-acceptor 
threonine mutated to alanine. DIC, YFP and emission ratio 
images are shown (G). Corresponding linescan projections 









The formation of the Aurora-substrate phosphorylation 
gradient does not depend on cleavage furrow ingression. 
Cells expressing the microtubule-targeted sensor were 
treated with either 2 M latrunculin B (A,B) or 250 nM 
BI2536 (C,D). DIC, YFP and color-coded emission ratio 
images, along with corresponding averaged linescan 
projections along the spindle axis are shown. Time zero 
represents anaphase onset. Error bars, SD. Scale bars, 5 m. 
 
To analyze if cleavage furrow ingression also 
contributes to the shape of the CPC-substrate 
phosphorylation gradient, I blocked cleavage furrow 
ingression by either disrupting actin filament formation 
(using 2 M latrunculin B (Foe and von Dassow, 2008)), or 
inhibiting Plk1 activity with a chemical inhibitor (BI2536 
at 250 nM (Petronczki et al., 2007)). Under either 
condition, the microtubule-targeted FRET sensor revealed 
that the shape of the CPC-substrate phosphorylation 
gradient emerged and persisted for >20 min (Figure 3.9), 
which was sufficient time for chromosome decondensation and 
cleavage furrow ingression in unperturbed cells. These data 
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show that the CPC-substrate phosphorylation gradient 
formation at anaphase does not depend on cortical 
contraction or Plk1 signaling. 
3.5 Altering the shape of the Aurora-substrate 
phosphorylation gradient leads to defects in cytokinesis 
To understand the significance of spatially organized CPC 
signaling, I examined consequences of perturbing the shape 
of the gradient. As Aurora kinase has numerous roles during 
anaphase, it is possible that Aurora localization at the 
midzone and the Aurora-substrate phosphorylation gradient 
may contribute to multiple processes such as spindle 
midzone formation (Hauf et al., 2003; Speliotes et al., 
2000), compaction of anaphase chromosomes (Mora-Bermudez et 
al., 2007; Neurohr et al., 2011) or the NoCut pathway 
(Norden et al., 2006; Steigemann et al., 2009). I focused 
on spindle midzone formation and compared spindle midzone 
organization in T59E- vs. WT-addback cells using three 
different read-outs: 
First, I examined the overall density and morphology of 
the midzone microtubules (Figure 3.10A,C, tubulin panels). 
In contrast to cells in which the CPC was depleted or 
inhibited, which had dramatically altered anaphase spindle 
morphologies (Hauf et al., 2003; Speliotes et al., 2000), 
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T59E-addback cells had spindle midzone microtubules that 
appeared similar to those of WT-addback cells.  
Second, I analyzed the localization of the CPC 
substrate MKLP1, a motor protein that binds the RhoA 
GTPase-activating protein CYK-4 to form the centralspindlin 
complex(Mishima et al., 2002). As expected, I found that 
MKLP1 was highly concentrated at the spindle midzone during 
anaphase in WT-addback cells (Figure 3.10A, WT-addback 
cells). In contrast, in T59E-addback cells the level of 
MKLP1 at the spindle midzone was significantly reduced (3-
fold reduction indicated by linescans, Figure 3.10A,B, 
T59E-addback cells).  
Third, I examined the extent of antiparallel 
microtubule overlap using PRC1, a non-motor microtubule-
associated protein that marks this cytoskeletal feature 
(Subramanian et al., 2010). In WT-addback cells, PRC1 
localized to the spindle midzone (Figure 3.10C, WT-addback 
cells). In contrast, in T59E-addback cells, PRC1 still 
associated with microtubules, but its localization extended 
over a wider region (2-fold greater distance as indicated 
by linescans, Figure 3.10C-E, T59E-addback cells). Together, 
these data show that the proper CPC localization and the 
spatial organization of its substrate phosphorylation are 





Spatially organized CPC activity is needed for proper 
spindle midzone organization. WT- and T59E-INCENP-addback 
cells fixed and stained to label chromosomes (DAPI), 
tubulin (blue), Aurora B (green) and MKLP1 (red, A) or PRC1 
(red, C). (B, D-E) Overlaid intensity linescans were 
generated using lines indicated in the images in (A and C). 
Scale bars, 5 m. 
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I next examined if there are functional consequences of 
the spindle midzone disruption that I observed in cells 
lacking spatially organized Aurora signaling. Consistent 
with redundant signals from the spindle midzone and astral 
microtubules regulating cleavage furrow formation (Eggert 
et al., 2006), live cell imaging of the T59E-addback cells 
revealed no overt defects in either positioning or 
ingression of the cleavage furrow (Figure 3.11). Therefore, 
I needed to separate spindle midzone and astral microtubule 
signaling. To this end, I used a drug-synchronized 
monopolar cytokinesis assay (Hu et al., 2008). In this 
assay, astral microtubule distribution is initially 
symmetric, followed by formation of a monopolar midzone at 
one end of the cell, where a cleavage furrow ingresses 
(Figure 3.12A). In T59E-addback cells, Aurora kinase 
remained at chromosomal sites during anaphase (Figure 3.12B) 
and an Aurora-substrate phosphorylation gradient could not 
be detected (Figure 3.12C,D), while overall substrate 
phosphorylation levels were maintained (Figure 3.12D). 
Furthermore, consistent with the experiments analyzing 
bipolar cytokinesis, a properly organized midzone was not 
observed, and MKLP1 failed to localize to the microtubules 
(Figure 3.12E). Moreover, the GTPase RhoA (a key regulator 
of contractile activity needed for cleavage furrow 
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ingression (Eggert et al., 2006)), which localized at the 
site of cleavage in WT-addback cells undergoing monopolar 
cytokinesis (Figure 3.12F, upper panels, (Hu et al., 2008)), 
remained symmetrically distributed at the cell cortex 
in >90% of the T59E-addback cells (n>50 cells; Figure 
3.12G,H). Importantly, cleavage furrow ingression was also 
inhibited in these cells (Figure 3.12H). These data suggest 
that an organized spindle midzone is needed for proper RhoA 




Cleavage furrow ingression in WT and T59E-addback cells 




Spatially organized Aurora activity is needed for spindle 
midzone formation, clustering RhoA and cleavage during 
monopolar cytokinesis. (A) A schematic showing bipolar and 
monopolar cells undergoing mitotic exit. Chromosomes, blue; 
microtubules, green; RhoA, red; CPC, orange dot. (B) WT- 
and T59E-INCENP-addback cells undergoing monopolar 
cytokinesis were fixed and stained for chromosomes (DAPI, 
blue), tubulin (green), Aurora B (red) and mCherry-INCENP. 
Scale bar, 5 m. (C-D) WT- and T59E-INCENP-addback cells 
expressing the microtubule-targeted sensor were induced to 
undergo monopolar cytokinesis. DIC, mCherry-INCENP, YFP and 
emission ratio images are shown (C). Scale bar, 5 m. 
Overlaid linescan projections along the monopolar cell’s 
long axis (D). Error bars, SD. (E-H) WT- and T59E-INCENP-
addback cells undergoing monopolar cytokinesis fixed and 
analyzed as indicated. (E) Chromosomes (DAPI), tubulin 
(green), Aurora B (blue) and MKLP1 (red) are shown. Scale 
bar, 5 m. (F-G) Chromosomes (DAPI, blue), tubulin (green) 
and RhoA (red) are shown (F,H). Percent cells (n ≥ 600) 
with polarized RhoA localization versus time after mitotic 
exit is triggered (G). Error bars, SEM. Scale bar, 5 m in 




I next analyzed if the cortical recruitment of RhoA 
also depended on a properly organized spindle midzone 
during bipolar cytokinesis. As cleavage furrow ingression 
was not blocked in T59E-addback cells, it was unlikely that 
RhoA failed to target. However, it was possible that the 
dynamics of RhoA recruitment could be sensitive to the loss 
of the Aurora-substrate phosphorylation gradient. 
Quantitative analysis of the cortical signals for 
fluorophore-tagged human RhoA in live cells is limited by 
high cytosolic background (Roberts et al., 2008). Therefore, 
I used GFP-tagged anillin, which is a scaffold protein 
linking RhoA to actomyosin at the cortex (Piekny and 
Glotzer, 2008), as an alternative reporter for cleavage 
furrow assembly. As expected, GFP-anillin distributed 
symmetrically in metaphase cells and, within a few minutes 
after anaphase, concentrated to the site of cell cleavage 
(Figure 3.13A, upper panels). In contrast, GFP-anillin 
accumulated at the cortex in T59E-addback cells, but its 
levels were reduced (Figure 3.13A, lower panels) and the 
recruitment kinetics were slower (~1.7-fold, n>10 cells, 
Figure 3.13B). These data suggest that proper midzone 
organization is needed for the efficient assembly of the 





Spatially organized CPC activity is needed for efficient 
anillin recruitment to the equatorial cortex during bipolar 
cytokinesis. GFP-anillin and mCherry-INCENP images at 
anaphase onset (0 s) and 350 s post-anaphase onset are 
shown (A). Relative enrichment of GFP-anillin at the 
equatorial cortex versus time for WT- (n = 15) and T59E- (n 
= 12) addback cells (B). Error bars, SEM. Scale bar, 5 m. 
 
 74 
3.6 Other attempts to disrupt the gradient and examine its 
function 
3.6.1 Other attempts to disrupt the gradient 
In addition to experiments based on INCENP RNAi with 
T59E-mutant addback, I tried three different approaches to 
alter the shape of the gradient. These approaches were not 
successful for various reasons.  
First, I transiently expressed a chimeric construct of 
Aurora B-mCherry-H2B into HeLa cells to mislocalize Aurora 
B to the chromosomes. In these cells, I observed chromosome 
segregation defects (Figure 3.14), the severity of these 
defects correlate with mCherry fluorescence signal. This 
suggests that Aurora B-mCherry-H2B is likely perturbing 
mitosis prior to anaphase onset. Consistent with this, I 
co-expressed the chromosome-targeted CPC sensor with Aurora 
B-mCherry-H2B. Live cell imaging of the sensor showed that 
the CFP:YFP emission ratio measured in these cells is 
higher than in normal cells, both during metaphase and 
anaphase (~20% higher at metaphase). This suggests that CPC 
substrates are hyper-phosphorylated upon Aurora B-mCherry-
H2B expression. Although this perturbation altered the 
shape of the gradient (Figure 3.14B), it also likely 
affects processes prior to anaphase, as a result of CPC 
substrate hyper-phosphorylation. Therefore, any anaphase 
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defect could be due to errors at metaphase and this 
approach is not suitable to examine the phenotype 
associated with gradient perturbation.  
 
Figure 3.14 Expression of Aurora B-mCherry-H2B in HeLa 
cells perturbs the anaphase gradient and chromosome 
segregation, but also leads to sensor hyper-phosphorylation 
prior to anaphase. (A) A HeLa cell expressing Aurora B-
mCherry-H2B was imaged through anaphase. (B) A HeLa cell 
co-expressing Aurora B-mCherry-H2B and the chromosome-
targeted FRET sensor for CPC was imaged through anaphase. 
Time zero is anaphase onset. Scale bars, 5 m. 
     
Second, I used a small molecule Rapamycin-mediated 
FKBP-FRB dimerization system, aiming to trigger 
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mislocalization of Aurora B after anaphase onset. FKBP and 
FRB are well-folded domains that can form heterodimers upon 
addition of Rapamycin. To optimize this system towards fast 
kinetics to match the timescale of anaphase (~8 min), I 
used a non-chromosome binding protein ppp2R5B as a model 
protein. I found that co-expression of H2B-mCherry-FRB and 
FKBP-GFP-ppp2R5B with addition of 20 nM Rapamycin has the 
fastest kinetics of recruiting target proteins to 
chromosomes (Figure 3.15A, B). I applied this configuration 
to my system and co-expressed H2B-mCherry-FRB and FKBP-GFP-
Aurora B in HeLa cells. I first added Rapamycin to cells 
before anaphase onset and found that GFP fluorescence 
signal gets recruited to the chromosomes within minutes 
(Figure 3.15D). This relocalization depends on Rapamycin, 
as DMSO addition does not change GFP localization (Figure 
3.15C). In these Aurora B mistargeted cells, I observed 
phenotypes of chromosome mis-segregation with occasional 
cleavage furrow misplacement (Figure 3.15C,D), similar to 
the phenotype of the Aurora B-mCherry-H2B transient 
expression. The shape of the gradient is perturbed in these 
cells as well (Figure 3.15E,F).  
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Figure 3.15  
Rapamycin-induced dimerization system to mis-target CPC. (A) 
A cell expressing FKBP-GFP-ppp2R5B and H2B-mCherry-FRB with 
Rapamycin addition. (B) Time course for relocalization 
kinetics for cells with Rapamycin addition (time zero 
represents drug addition). (C,D) Time course for HeLa cells 
co-expressing FKBP-GFP-Aurora B and H2B-mCherry-FRB after 
addition of DMSO (C) or Rapamycin (D) (time zero). The 
cleavage furrow, marked by a pair of red arrows, does not 
ingress in the middle of separating chromosomes, 
accompanied by chromosome mis-segregation. (E,F) Cells 
expressing chromosome-targeted FRET sensor, FKBP-mCherry-
Aurora B and H2B-FRB were treated with DMSO (E) or 
Rapamycin (F).  
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To induce mislocalization only at anaphase, I added 
Rapamycin post anaphase onset. Surprisingly, the efficiency 
of Aurora B mislocalization to chromosomes dropped 
dramatically (Figure 3.16). A significant amount of FKBP-
GFP-Aurora B still localizes to the spindle midzone (Figure 
2.16A). It is likely that the endogenous pathway that 
recruits Aurora B to the spindle midzone at anaphase is so 
efficient that the Rapamycin-induced dimerization could not 
compete with it. I tried to improve the mis-localization 
efficiency by raising the concentration of Rapamycin from 
20 nM to 2 M, but I found that a significant amount of 
FKBP-GFP-Aurora B still localizes to the spindle midzone. 
Due to this limited mislocalization efficiency post 
anaphase onset, I did not further pursue this approach. I 
have, however, shown that for multiple proteins 
dimerization-induced mislocalization works well during 
metaphase. As many protein localizations are key to their 
function in mitosis, this dimerization system will 
potentially be useful for other studies.  
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Figure 3.16 Rapamycin addition after anaphase onset fails 
to efficiently recruit Aurora B to the chromosomes. (A) 
Cells expressing FKBP-GFP-Aurora B and H2B-mCherry-FRB with 
Rapamycin added after anaphase onset. (B) Quantification of 
the amount of Aurora B mis-targeted to chromosomes for both 
metaphase and anaphase Rapamycin addition.  
 
Third, I attempted to disrupt the shape of the CPC-
substrate phosphorylation gradient with knockdown of PRC1 
levels through RNAi. PRC1 is a microtubule crosslinking 
protein required for spindle midzone assembly (Mollinari et 
al., 2002). Imaging of the microtubule-targeted FRET sensor 
showed that, in most cells, the phosphorylation gradient 
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becomes shallower upon PRC1 RNAi, but the basic shape is 
retained (Figure 3.17). Especially at telophase, the 
gradient shape became very evident (Figure 3.17). Therefore, 
PRC1 RNAi is not an ideal approach to study perturbation of 
the gradient, as it could not completely alter its shape. 
 
Figure 3.17 PRC1 RNAi does not completely abolish the CPC-
substrate phosphorylation gradient. Two cells expressing 
the microtubule-targeted FRET sensor were treated with PRC1 
RNAi and imaged live. Images were taken every 2 min. Scale 
bars, 5 m.  
 
In conclusion, these perturbations turned out to be not 
as ideal as the INCENP RNAi-addback for studying 
perturbation of the CPC-substrate phosphorylation gradient. 
Therefore I didn’t pursue these approaches further.  
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3.6.2 Other attempts to examine the role of the gradient 
 To test whether the CPC phosphorylation gradient 
contributes to transmitting cleavage signals from the 
spindle midzone to the cell cortex, which occurs over 
micron distances, I developed a cell-pushing assay.  In sea 
urchin eggs, a displacement of the spindle midzone from the 
cleavage furrow triggers the cleavage furrow to re-position 
itself to where the spindle midzone is (Bement et al., 
2005). If the CPC-substrate phosphorylation gradient is 
crucial for signal transmission from the spindle midzone to 
the cell cortex, I hypothesized that perturbation of the 
gradient might inhibit repositioning after physical spindle 
displacement. With the help of Dr. Yuta Shimamoto in the 
Kapoor lab, I set up a micromanipulation device, with a 
glass needle controlled by a piezo actuator (Figure 3.18A). 
To clearly measure the physical displacement of the spindle 
midzone compared with the cleavage furrow, I co-expressed 
GFP-PRC1, to label the midzone, and GFP-Anillin, to label 
the cleavage furrow (Figure 3.18B). Similar to previous 
findings in sea urchin eggs, in human cells the cleavage 
furrow position couples with the spindle midzone position 
after the spindle midzone is physically displaced (Figure 
3.18B,C). To test the gradients role in this process, I 
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depleted endogenous INCENP and added back T59E mutant to 
disrupt the gradient. Preliminary analyses suggest the 
coupling between the spindle midzone and the cleavage 
furrow is intact in T59E-INCENP-addback cells (Figure 
3.18D).  
This negative result could be explained in multiple 
ways. My finding could simply mean the CPC-substrate 
gradient is not required for dynamic coupling between the 
spindle midzone and the cleavage furrow in human cells. 
Alternatively, there might be technical issues in this 
assay that limit the interpretation of the results. For 
example, as the spindle size is large relative to cell size 
in human somatic cells compared with sea urchin egg cells, 
it is very difficult to physically displace the midzone 
relative to the furrow without moving the cell body as a 
whole or dislodging the entire cell. To partially 
circumvent this issue, I coated the coverslip with collagen 
to increase attachments between the cell and the glass 
surface. Furthermore, during the pushing experiment, I 
specifically chose cells that were very well spread out, 
which usually indicates a strong attachment to the 
coverslip. However, the coupling phenomenon that I observed 
could still be due to cell movement in response to spindle 
displacement, instead of signaling from the midzone to the 
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cleavage furrow. To test this hypothesis, future 
experiments with actin cytoskeleton inhibition together 
with spindle displacement are needed.  
   
Figure 3.18 A cell pushing assay to examine the dynamic 
coupling between the spindle midzone and the cleavage 
furrow. (A) A schematic for the experimental set-up. (B,C) 
An RPE1 cell co-expressing GFP-PRC1 and GFP-Anillin was 
imaged live and pushed by a glass needle at anaphase. DIC 
and GFP images are shown (B). A schematic is shown (C). (D) 
An RPE1 cell co-expressing GFP-PRC1, GFP-Anillin and 
mCherry-INCENP T59E mutant was treated with INCENP RNAi, 




My findings reveal a CPC substrate phosphorylation 
gradient early in mitosis with maximal phosphorylation 
centered between the two spindle poles. This gradient 
cannot be detected using FRET-based sensors during 
metaphase, but appears again upon anaphase onset and 
persists through cell cleavage. These data suggest that the 
gradient is detected at stages of cell division when the 
overall CPC-substrate phosphorylation levels are lower than 
at metaphase, when substrate phosphorylation is highest, 
most likely due to suppression of overall phosphatase 
activity (Mochida and Hunt, 2007) and robust CPC activation 
by chromosomes (Kelly et al., 2007). As partial suppression 
of substrate phosphorylation at metaphase can reveal a 
spatial gradient, I propose that increased levels of 
substrate phosphorylation can mask spatial gradients, while 
the CPC retains its capacity to generate such gradients.   
It has been suggested that formation of intracellular 
signaling gradients involve the following three components. 
First, an effector molecule that exists in two states, S 
and S* (e.g., a motor protein in non-phosphorylated and 
phosphorylated forms). Second, an enzyme (‘source’, e.g. 
kinase) that converts S to S* and binds to a cellular 
structure (e.g. spindle midzone). Third, another enzyme 
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(‘sink’, e.g. phosphatase) that converts S* back to S and 
is localized in the cytoplasm or is bound to another 
cellular structure. Proximal to where the ‘source’ is 
located, S is converted to S*. Diffusion moves S* away, 
allowing it to interact with the ‘sink’, which in turn 
regenerates S. The shape of the S* concentration gradient 
depends on the kinetics of interconversion between S and S* 
and on the diffusion coefficient of S*. This framework has 
been used to explain the Ran gradient (Bastiaens et al., 
2006) and can be used to describe my observations relating 
to the CPC-substrate phosphorylation gradient. I find that 
the proper localization of the CPC, which is the ‘source’, 
is important for establishing the spatial gradient at 
anaphase. At the spindle midzone, the CPC phosphorylates 
substrates (generating S*). These substrates diffuse away 
and are then acted upon by phosphatases. PP1, a phosphatase 
that gets recruited to chromosomes by Repo-Man during 
anaphase, has been shown to oppose CPC activity during 
metaphase (Liu et al., 2010) and could be the relevant 
‘sink’ for phosphorylated CPC substrates at anaphase. When 
the CPC is mislocalized to chromosomes during anaphase, it 
could be insufficiently separated from the phosphatase and 
thus no spatial gradient is observed. Further, consistent 
with the model, which indicates that rates of 
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interconversion between S and S* are important for 
establishing a gradient, my findings suggest that the 
mechanism of kinase activation and recruitment to 
substrates are critical. Polo-like kinase has similar 
localization to CPC at anaphase, but no spatial 
phosphorylation pattern is revealed using FRET-sensors. An 
explanation for these differences could be that non-linear 
increases in substrate phosphorylation at sites proximal to 
the kinase can be established by CPC, whose activation 
depends on clustering and auto-phosphorylation (Kelly et 
al., 2007), and not by Polo-like kinase, which is targeted 
to its substrates via recognition of phospho-peptide 
docking sites (Barr et al., 2004). Finally, the diffusion 
of S*, a key parameter for establishing a gradient, needs 
to be limited through anchoring substrates to intracellular 
sites, as the gradient is not observed when FRET-sensors 
diffuse freely in the cytoplasm. Proper tests of the 
contributions of these different factors will probably 
require in vitro reconstitution of the phosphorylation 
gradient with purified components.    
Although CPC activity is known to be needed for spindle 
midzone formation, my results show that defects in spindle 
midzone and cleavage furrow assembly can be observed when 
total CPC-substrate phosphorylation levels are unchanged, 
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but the spatial distribution of these post-translational 
modifications are altered. While different models can 
account for this, I favor the model in which the proper 
localization of CPC at the spindle midzone sets up a 
gradient that allows threshold levels of phosphorylation to 
be achieved at specific intracellular sites. At anaphase 
onset, an initial ‘shallow’ gradient becomes apparent, 
which may lead to the highest levels of phosphorylated CPC-
substrates, such as MKLP1, at the center of the cell. It 
has been proposed that CPC-phosphorylation relieves 14-3-3-
mediated inhibition of MKLP1 and allows the motor to 
cluster into multi-protein assemblies that can make 
sufficiently long-lived associations with microtubules 
(Douglas et al., 2010; Hutterer et al., 2009). Therefore, 
local MKLP1 phosphorylation and clustering-dependent 
persistent filament binding and motility, could lead to a 
rapid non-linear increase in the levels of active MKLP1 at 
the center of a dividing cell (Figure 3.19, right panels). 
In contrast, uniform phosphorylation across the spindle 
microtubules could result in a distribution of 
phosphorylated MKLP1 such that the probability of 
interaction with another phosphorylated MKLP1 would be too 
low for clustering. As a result, MKLP1 would fail to slide 
microtubules to properly organize the spindle midzone 
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(Figure 3.19, left panels). In normal cells, as the spindle 
midzone gets more focused, possibly by MKLP1-dependent 
reductions in antiparallel filament overlap (Nislow et al., 
1992), the CPC becomes more concentrated at a narrower 
region, which further sharpens the phosphorylation gradient, 
as we have observed.  
 
Figure 3.19 
A schematic for how the CPC may coordinate spindle midzone 
organization. Gray shading represents phosphorylation.  
 
It is likely that the contribution of the spatially 
organized CPC-dependent signaling to the regulation of 
different cell division processes, such as chromosome 
condensation, spindle assembly, or the NoCut pathway could 
vary and depend on the substrates’ distinct phosphorylation 
kinetics, localization, and diffusion. For example, Op18, a 
cytosolic substrate for CPC (Kelly et al., 2007), and a 
microtubule destabilizer, is likely to function properly 
during anaphase without a CPC-dependent phosphorylation 
gradient (i.e. phosphorylation alone may be sufficient for 
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its proper function and spatially organized post-
translational modifications may not be needed). This could 
potentially explain my observation that the microtubule 
density is not dramatically altered in the anaphase spindle 
upon CPC mislocalization, while the midzone microtubule 
organization is affected. Interestingly, previous studies 
have suggested that a gradient of inactivated Op18 around 
mitotic chromosomes contributes to metaphase spindle 
assembly (Niethammer et al., 2004). It will be important to 
examine whether Op18 phosphorylation, which modulates its 
binding to tubulin, is also spatially organized during 
anaphase and if this organization is sensitive to CPC 
localization. 
My results suggest how a kinase may establish an 
intracellular spatial gradient of post-translational marks 
to control cytoskeleton self-organization during the final 
stages of cell division. Although I believe that the shape 
of the gradient is needed for proper microtubule 
organization at the spindle midzone, my experiments do not 
distinguish the function of the shape of the gradient from 
that of the CPC localization itself, and from protein 
concentration. Future studies on phenotypes associated with 
altering the shape of the gradient with high level of 
substrate phosphorylation all across the cell would help 
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address the problem. Further in vitro reconstitution 
experiments discussed in Chapter 5 would also shed new 







CHAPTER 4: Efforts towards examining PRC1’s role in 
cytokinesis 
 
4.1 Background information 
 Proper microtubule organization is required for error-
free cell division. During anaphase when chromosomes are 
separated to the two cell ends, the mitotic spindle 
reorganizes to prepare for cytokinesis. There are two major 
changes to the mitotic spindle during anaphase. First, the 
two spindle poles move further away from each other and the 
spindle elongates. This anaphase spindle elongation has 
been shown to contribute to correcting merotelic attachment 
(Courtheoux et al., 2009) and positioning the cleavage 
furrow (Dechant and Glotzer, 2003). Second, an antiparallel 
microtubule array that are bundled at their overlapping 
plus ends, forms between the segregated chromosomes. This 
microtubule array is termed the spindle midzone. Previous 
studies have shown that the spindle midzone is needed for 
successful cytokinesis (Eggert et al., 2006).  
 The formation of the spindle midzone depends on a 
widely conserved microtubule cross-linking protein, PRC1 
(protein required for cytokinesis 1) (Jiang et al., 1998). 
Without PRC1, the spindle midzone, an antiparallel 
microtubule array in the mid-cell at anaphase, could not 
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form properly (Mollinari et al., 2002). In these cells, 
multinucleation is observed, likely due to failed 
cytokinesis. In other organisms, PRC1 homologs are also 
involved in processes that depend on microtubule 
organization, such as cell shape determination in fission 
yeast, and directional cellular growth in plants (Hamada, 
2007; Loïodice et al., 2005).  
Previously it has been shown that PRC1 organizes the 
spindle midzone by crosslinking antiparallel microtubules 
(Bieling et al., 2010; Subramanian et al., 2010). Besides 
PRC1’s mechanical role, it has also been found to interact 
with other proteins such as kinesin motor KIF4A, which 
controls overlap size by overlap length-dependent 
microtubule growth inhibition (Bieling et al., 2010; Hu et 
al., 2011). However, currently the PRC1-depletion phenotype 
has not yet been carefully examined using live cell imaging.  
In this chapter, I describe three parts of work 
examining PRC1’s role by live cell imaging: 1) Detailed 
characterization of spindle and cell morphology of PRC1-
depletion phenotype. 2) Analysis of microtubule dynamics by 
quantitative tracking of GFP-EB1 in PRC1-depleted cells. 3) 
Analysis of a chimeric PRC1 mutant that still binds 
microtubules but could not organize microtubules. 
Unfortunately I find that microtubule dynamics measured by 
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tracking EB1-GFP do not change significantly upon PRC1 
depletion, and the chimeric PRC1 mutant does not seem to 
bundle microtubules in cells. Therefore most of this 
chapter is descriptive and there is not a single clear 
conclusion that could be drawn based on this body of work 
to shed new light on mechanism of PRC1 function. But I hope 
these data would generate some hypotheses to motivate 
interesting future experiments discussed in Chapter 5 
Future directions.  
        
4.2 Cell and Spindle morphology in PRC1-depleted cells    
4.2.1 PRC1 depletion by RNAi 
 I depleted PRC1 by RNAi in hTERT-RPE1 cells (Jiang et 
al., 1998) (Figure 4.1A). Consistent with previous findings 
(Zhu et al., 2006), immunofluorescence against tubulin 
shows that organized microtubule bundles cannot form at the 
spindle midzone upon PRC1 RNAi (Figure 4.1B). I also 
observed that multinucleated cell index increases from less 
than 1% to over 30% (Figure 4.1C), indicating failure in 
cytokinesis. These data confirms that PRC1 knockdown 




PRC1 depletion in RPE1 cells disrupts microtubule bundle 
formation at the spindle midzone. (A) A representative 
western blot is shown for control (Lane 1) and PRC1 RNAi 
(Lane 2) cell lysates. (B) Control and PRC1 RNAi cells were 
fixed and stained for DNA, tubulin and PRC1. Scale bar, 5m. 
(C) Control and PRC1 RNAi cells were fixed and stained for 
DNA and tubulin. Multinucleated and single nucleated cells 
were counted to determine the multinucleation index in 
three independent experiments (N > 500 cells in each 
experiment). 
 
4.2.2 PRC1 depletion leads to abnormal anaphase cell and 
spindle elongation  
To examine the phenotype associated with PRC1 
depletion, I imaged live cells expressing GFP-tubulin upon 
control or PRC1 RNAi(Figure 4.2). GFP-tubulin images 
confirmed that the spindle midzone is disrupted in PRC1-
depleted cells (Figure 4.2). Furthermore, I also observed 
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that cells depleted of PRC1 tended to elongate to a greater 
extent at anaphase (Figure 4.2).  
Next I quantified the anaphase cell length over time 
for both control and PRC1 RNAi cells, and found that PRC1 
depleted cells elongate at similar rates as the control 
cells (Figure 4.3A,B). However, while control cells 
elongated more slowly 10 minutes post anaphase onset, PRC1 
depleted cells tended to continue elongating at a similar 
rate beyond the 10 minute timepoint (Figure 4.3A,B). These 
data suggest that unlike fission yeast, spindle midzone in 
human cells is not essential for anaphase spindle 
elongation. Instead, the spindle midzone seems to prevent 




PRC1 depletion disrupts microtubule bundle formation at the 
spindle midzone. Control (A,B) and PRC1 RNAi (C-E) cells 
expressing GFP-tubulin were imaged live. DIC and GFP-




PRC1 depletion leads to anaphase cell abnormal elongation. 
(A,B) RPE1 cells treated with control (A) or PRC1 (B) RNAi 
were imaged live. Cell lengths were measured in DIC images 
over time. (C,D) RPE1 cells treated with control (C) or 
PRC1 (D) RNAi were imaged live, in the presence of 
Latrunculin B (20 m). Cell lengths were measured in DIC 
images over time. (E,F) RPE1 cells expressing GFP-tubulin 
were treated with control (E) or PRC1 (F) RNAi and imaged 
live.  Cell lengths (red) and spindle lengths (black) were 
measured in DIC and GFP-tubulin images over time. Time zero 
corresponds to anaphase onset. 
 
4.2.3 The abnormal cell and spindle elongation in PRC1 
depleted cells depend on microtubules  
The abnormal elongation in PRC1 depleted cells is 
possibly due to unbalanced force within the spindle. As the 
actin cytoskeleton and microtubule networks are known 
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force-generating components, I tested their role in the 
observed abnormal elongation in PRC1-depleted cells. As 
expected, inhibition of actin filament formation by 
Latrunculin B (20 M) blocks the cleavage furrow ingression 
in both control and PRC1 depleted cells (Figure 4.4A,B). It 
also completely suppressed cell elongation in control cells 
(Figure 4.3A,C). However, Latrunculin B addition did not 
suppress cell elongation in PRC1 depleted cells (Figure 
4.3D, 4.4B), indicating that the actin cytoskeleton does 
not provide the forces required for this process. In 
contrast, inhibition of microtubule formation by Nocodazole 
(10 M) blocks cell elongation and cleavage furrow 
ingression in both control and PRC1 depleted cells (Figure 
4.4C,D). This indicates that abnormal elongation in PRC1 
depleted cells depends on microtubule-based processes, but 
not on the actin cytoskeleton. To further test the idea 
that microtubules are driving the abnormal elongation, I 
examined the correlation between spindle length (pole-to-
pole distance) and cell length over time for a single cell. 
In control cells, spindle elongation is nearly complete 
within the first 5 min post anaphase onset (Figure 4.2A, B, 
4.3E).  This is followed by significant cell elongation, 
which starts 5 min post anaphase onset (Figure 4.2A, B, 
4.3E). However, in PRC1 depleted cells, the cell length 
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abnormal elongation correlates with the spindle abnormal 
elongation (Figure 4.2 C,D, 4.3F). These data suggest that 
in PRC1-depleted cells, the abnormal elongation depends on 
microtubule-based processes, likely antiparallel 
microtubule sliding by microtubule motors.  
 
Figure 4.4 
Abnormal elongation in PRC1 depleted cells depends on 
microtubules, but not actin. RPE1 cells expressing GFP-
tubulin were treated with control (A,C) or PRC1 (B,D) RNAi. 
Latrunculin B (20 M, A, B) or Nocodazole (10 M, C, D) were 
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added at anaphase. Time zero corresponds to the time of 
adding the drugs. Time mark is in minute. Scale bars, 5m.  
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4.3 Examining microtubule dynamics in PRC1-depleted cells  
In this second part, I examined microtubule dynamics 
by quantitative imaging of GFP-tagged EB1, a reporter that 
binds to the plus ends of growing microtubules (Tirnauer et 
al., 2002). As cleavage furrow ingression dynamics are 
different between control and PRC1 cells (Figure 4.2), I 
blocked cleavage furrow formation by Latrunculin B (20 M) 
during these experiments, to minimize influence from furrow 
ingression. In control cells, a dense distribution of EB1 
tracks outlined the shape of the anaphase spindle and 
astral microtubules (Figure 4.5A). Upon PRC1 depletion, EB1 
tracks appeared to be more randomly distributed in the cell 
(Figure 4.5A), consistent with the previous observation 
that microtubules are not properly organized in PRC1 
knockdown cells. According to a current model which 
suggests that microtubule plus-end polymerization is 
inhibited by PRC1 binding partner KIF4A at the spindle 
midzone (Bieling et al., 2010; Hu et al., 2011), EB1 tracks 
should appear to be diminished at the spindle equator. 
Surprisingly, I did not observe the expected EB1 comet 
pattern in control cells (Figure 4.5A). Furthermore, though 
both immunofluorescence and live cell imaging show a region 
of microtubules at the middle of PRC1-depleted cells, the 
density of EB1 tracks at the spindle equator in PRC1 
 103 
knockdown cells is not different from that at other parts 
of the spindle (Figure 4.5A). Quantification of control and 
PRC1 knockdown cells revealed similar numbers of tracks 
detected in unit time (two-tailed T-test, p=0.77), with an 
average number of 19 tracks/s (N=3 cells, S.D. = 3 
tracks/s), and 17 tracks/s in control cells (N=3 cells, S.D. 
= 3 tracks/s) (Figure 4.6A). The rates of the growing EB1 
tracks in PRC1 RNAi cells are slightly higher than those in 
control cells (13.5 ± 0.6 m/min in PRC1-depleted cells vs. 
11.6 ± 1.1 m/min in control cells, two-tailed T-test, 
p=0.13) and the lifetime of the tracks in PRC1 RNAi cells 
is slightly lower than control (7.2 ± 0.8s in PRC1-depleted 
cells vs. 8.6 ± 0.6s in control cells), but the differences 
are not significant (Figure 4.6B, C, two-tailed T-test, 
p=0.33). Furthermore, there is no discernible difference in 
EB1 comet run-length between control and PRC1 RNAi cells 
(1.43 ± 0.05 m vs. 1.4 ± 0.1 m, two-tailed T-test, p=0.09, 
Figure 4.6D). These data show that PRC1 depletion disrupts 
microtubule bundle formation at the spindle midzone, 
without significantly altering the dynamics of EB1-bound 
microtubule plus-ends. These data also suggest that there 
are microtubules at the mid-cell for motor proteins to 




The spatial distribution of microtubule polymerization 
rates is not dramatically altered upon PRC1 depletion. (A) 
Control and PRC1 RNAi cells expressing GFP-EB1 were imaged 
live (left panels). EB1 comets from time-lapse sequence 
were detected and tracked using automated software 
(Houghtaling et al., 2009). Tracks were colored to reflect 
velocity, with blue colors being slower than red colors. 
Colored EB1 tracks were overlaid onto a single frame from 
the time-lapse (right panels). (B) Histogram of EB1 track 




The plus-end microtubule tip dynamics are not dramatically 
altered upon PRC1 depletion. (A) The number of EB1 tracks 
per second detected in control and PRC1 RNAi cells (N>3 
cells). (B) The average velocity of EB1 tracks in control 
and PRC1 RNAi cells (N>3 cells). (C) The average lifetime 
of EB1 tracks in control and PRC1 RNAi cells (N>3 cells). 
(D) The average run-length of EB1 tracks in control and 
PRC1 RNAi cells (N>3 cells). Error bars, SD. 
 
I then analyzed whether PRC1 knockdown disrupts the 
distribution of EB1-bound microtubule plus-ends. As no 
obvious patterns are detected for all of the EB1 tracks in 
control cells (Figure 4.5), I segmented EB1 tracks based on 
their growth direction and assigned the same color to 
tracks moving towards the same spindle pole (Figure 4.7A). 
This analysis revealed an interesting pattern in control 
cells: Most of the EB1 tracks growing towards one pole are 
present at the opposite half of the spindle, from which the 
microtubules emanate; very few EB1 tracks cross over to the 
other half of the spindle (Figure 4.7A). The PRC1 RNAi 
cells have a similar pattern in this analysis. I then 
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quantified the pattern by comparing the ratio of the number 
of tracks present at the populated half vs. the unpopulated 
half of the spindle (Figure 4.7B). The ratio is not 
significantly different between control and PRC1 RNAi cells 
(Figure 4.7C), which suggests that PRC1 depletion does not 
dramatically alter the distribution of EB1-bound 
microtubule plus-ends.  
I next analyzed the microtubule plus-end dynamics at 
the mid-spindle. EB1 tracks present in a 3 m area at the 
midpoint of the two spindle poles are grouped together 
(Figure 4.8A). Similar to the whole cell analysis, no 
discernible difference was found for the detected EB1 track 
number in unit time and the runlength of the tracks (1.9 ± 
0.4 tracks/s in control cells vs. 2.1 ± 0.4 tracks/s in 
PRC1-depleted cells, two-tailed T-test, p=0.63, and 1.5 ± 
0.1 m in control cells vs. 1.4 ± 0.1 m in PRC1-depleted 
cells, two-tailed T-test, p=0.12). EB1 tracks in PRC1 RNAi 
cells have slightly higher growth velocity but shorter 
lifetime than those in control cells (Figure 4.8, 11.6 ± 
0.7 m/min in control cells vs. 14.1 ± 0.7 m/min in PRC1-
depleted cells, two-tailed T-test, p=0.0003, and 9.1 ± 0.8 
s in control cells vs. 7.3 ± 1.0 s in PRC1-depleted cells, 
two-tailed T-test, p=0.01). These data suggest that PRC1 
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depletion does not significantly alter dynamics of EB1-
bound microtubule plus-ends at the middle of the anaphase 
spindle. 
My results show that PRC1 depletion does not 
significantly affect the dynamics and distribution of the 
EB1-bound microtubule plus-ends, though PRC1 is critical 
for microtubule bundle formation at the spindle midzone. 
These data also suggest that there are dynamic microtubules 





The distribution of polymerizing microtubule plus-ends 
running towards one pole is not significantly altered upon 
PRC1 depletion. (A) EB1 tracks that are running towards one 
pole are colored green or red. Colored EB1 tracks were 
overlaid onto a single frame from the EB1 time-lapse movie. 
(B) A sample image with EB1 tracks running towards one pole 
overlaid onto a single frame (pole 1 is labeled with *). 
Two spindle pole positions were manually identified and a 
Matlab program was used to generate three red lines 
perpendicular to the spindle axis. Two red lines crosses 
spindle poles and the other line lies in the middle of the 
two poles. Two areas, A and B, are defined as the space 
between the two adjacent red lines. The area with more EB1 
tracks is assigned as A. (C) Average ratio for number of 
EB1 tracks found in Area A vs. Area B in control and PRC1 









The dynamics of polymerizing microtubule plus-ends at the 
spindle midzone is not significantly altered upon PRC1 
depletion. (A,B) The EB1 tracks located within a 3 m area 
in the middle of the control (A) or PRC1 RNAi (B) spindle 
were colored green or red based on their direction and 
overlaid onto a single frame from the EB1 time-lapse movie. 
(C) The number of EB1 tracks per second detected in control 
and PRC1 RNAi spindle midzone (N>3 cells). (D) The average 
velocity of EB1 tracks in control and PRC1 RNAi spindle 
midzone (N>3 cells). (E) The average lifetime of EB1 tracks 
in control and PRC1 RNAi spindle midzone (N>3 cells). (F) 
The average runlength of EB1 tracks in control and PRC1 




4.4 Analysis of a chimeric PRC1 that binds microtubules but 
does not organize microtubules properly 
In this section, I describe experiments analyzing a 
chimeric PRC1 that binds microtubules but does not organize 
microtubules properly. I focused on examining the spindle 
midzone formation and protein recruitment to the mid-cell 
during anaphase.  
I first confirmed that PRC1 depletion by RNAi disrupts 
spindle midzone formation and localization of three key 
cytokinesis proteins, Aurora B, MKLP1 and Plk1 (Figure 4.9, 
4.10, 4.11) (Kurasawa et al., 2004). In certain telophase 
cells with PRC1 knockdown, Plk1 localizes at the middle of 
the cell, but its localization is less pronounced when 
compared with control cells (Figure 4.11). These data show 
that PRC1 is required for recruiting these key regulators 




PRC1 depletion in RPE1 cells leads to defects in Aurora B 
kinase localization. Control and PRC1 RNAi cells were fixed 






PRC1 depletion in RPE1 cells leads to defects in MKLP1 
localization. Control and PRC1 RNAi cells were fixed and 





PRC1 depletion in RPE1 cells leads to defects in Plk1 
localization. Control and PRC1 RNAi cells were fixed and 
stained for DNA, tubulin, PRC1 and Plk1. Scale bar, 5m. 
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I then collaborated with Dr. Radhika Subramanian in 
the Kapoor lab and Dr. Elizabeth M.Wilson-Kubalek (Milligan 
Lab, The Scripps Institute) to design a PRC1 mutant that 
could still bind microtubules and interact with other 
proteins, but could not properly organize microtubules. 
Based on the published electron microscopy (EM) analysis, 
the dimerization domain in PRC1 is tilted 20 degrees 
relative to the microtubule spectrin domain only when PRC1 
is crosslinking two microtubules (Subramanian et al., 2010), 
which suggests that the junction between the spectrin 
domain and the dimerization domains is likely to be 
important for crosslinking specificity. Therefore, we 
introduced floppy linkers consisting of 9 or 19 Gly-Ser 
repeats (hereafter L9 and L19 mutant) at the junction 
(Figure 4.12A) in order to increase flexibility and likely 
affect PRC1’s ability to organize microtubules.  
To biochemically characterize the mutant, linkers were 
introduced in PRC1-NSdeltaC (aa. 1-486) instead of the full 
length protein, as this construct recapitulates all the key 
features of PRC1 activity but is easier and faster to 
purify (Subramanian et al., 2010)(Fig. 4.12B). The 
insertion of these floppy linkers does not affect 
solubility, oligomeric state or microtubule binding 
activity of these mutant proteins (Figure 4.12C, D).  
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Interestingly, while the wild type protein results in well-
organized lateral microtubule arrays, bundling by mutants 
results in disorganized arrays (Figure 4.12E), which 
suggests promiscuous crosslinking by these proteins, likely 
resulting from a loss in crosslinking specificity. EM 
analysis of the mutants also revealed crosslinking 
difference from the wildtype PRC1. While the wildtype PRC1 
shows regular striations between microtubules with a 
precise inter-filament spacing, the mutants show no regular 
striations and don’t maintain the precise filament spacing 
(Figure 4.12F). We observe that the inter-microtubule 
distances are frequently shorter than those seen in wild 
type protein.  These observations show that the PRC1 linker 
mutant retains ability to bind and bundle microtubules, but 
loses its ability to form organized microtubule bundles in 
vitro.  
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Figure 4.12  
Insertion of a flexible linker into PRC1 disrupts its 
ability to facilitate the formation of organized anti-
parallel microtubule bundles in vitro. (A) Schematic shows 
the strategy for designing a mutant PRC1, which has a 
floppy linker between PRC1’s dimerization domain (purple 
line) and its microtubule-binding spectrin domain (green 
triangle). (B) Schematic of the constructs used for this 
analysis. (C) Coomasie-stained SDS-PAGE. (D) Gel filtration 
chromatography suggests that the oligomerization state of 
the mutants is similar to the wild-type protein. (E) 
Microtubule bundling by PRC1 wild-type and mutant proteins. 
1 M protein was added to a coverslip decorated with 
microtubules polymerized with X-Rhodamine tubulin and 
imaged by TIRF microscopy. (F)  Negative stain EM images of 
microtubules decorated by wild-type and mutant PRC1. 
Striations of PRC1 are indicated by arrow heads in wild-
type panel.    
Note: Data from this figure are from experiments done by Dr. 
Radhika Subramanian, Dr. Elizabeth M.Wilson-Kubalek 
(Milligan Lab, The Scripps Institute) and David Snead.  
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Figure 4.12  
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To examine the L19 mutant behavior in vivo, I depleted 
endogenous PRC1 by RNAi and expressed RNAi-resistant GFP-
fused wild type (WT-addback) or L19 mutant (L19-addback) 
PRC1 in RPE1 cells (Figure 4.13). First I examined L19 
mutant localization in cells, by both immunofluorescence 
and live cell imaging, to confirm that it could bind 
microtubules in vivo. Immunofluorescence reveals that wild 
type PRC1 localizes to the mid-spindle in early anaphase 
and is tightly focused at spindle midzone at late anaphase 
(Figure 4.14A). However, the L19 mutant localization during 
early anaphase is widely dispersed over the spindle 
microtubules (Figure 4.14B, upper panel). In about half of 
the late anaphase cells, the L19 mutant accumulates at the 
tips of the microtubules in the middle of the cell (Figure 
4.14B, lower panel). These immunofluorescence data 
demonstrate that the L19 mutant can bind microtubules, 
consistent with biochemical characterization. In live cell 
imaging, both wild type and L19 mutant PRC1 localize over 
the metaphase spindle, before anaphase onset (Figure 
4.14C,D,E). During early anaphase, wild type quickly gets 
recruited to the spindle midzone and gets more concentrated 
at late anaphase (Figure 4.14C). However, the L19 mutant 
still localizes to the entire early anaphase spindle and at 
late anaphase gets accumulated at the tips of microtubules 
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in the middle of the cell (Figure 4.14D,E). The tip 
localization of L19 mutant during late anaphase is likely 
due to interaction with its binding partners. This is 
consistent with the previous report that PRC1 accumulates 
at the plus-ends of microtubules during monopolar 
cytokinesis (Hu et al., 2008). These data indicate that the 
PRC1 L19 mutant is still able to bind microtubules and 
could localize to the microtubule tips at the anaphase 
spindle.  
Although L19 mutant could bind microtubules in cells, 
immunofluorescence experiments show that microtubule 
bundles at the spindle midzone could not form robustly in 




Depletion of PRC1 by RNAi and addback of GFP-PRC1 wildtype, 
or the linker mutant. A representative western blot with 
cells expressing GFP-PRC1 wild-type (Lane 1,2) or L19 
mutant (Lane 3,4) treated with control RNAi (Lane 1,3) or 




PRC1 with a flexible linker accumulates at microtubule ends 
and it does not rescue microtubule bundle formation at the 
spindle midzone. (A,B) PRC1 RNAi with WT-addback (A) or 
L19-addback (B) cells were fixed and stained for DNA, 
tubulin and GFP-PRC1. (C-E) PRC1 RNAi with WT-addback (C) 
or L19-addback (D,E) cells were imaged live. DIC and 
projection of GFP-PRC1 are shown. Time unit is minute and 





I next examined whether key cytokinesis regulators 
Aurora B, MKLP1 and Plk1 could be recruited to the mid-cell, 
without the PRC1-crosslinked microtubule array at the 
spindle midzone. Immunofluorescence shows that these 
proteins properly localize to the spindle midzone in WT-
addback cells (Figure 4.15). In L19-addback cells where the 
L19 mutant is spread out over a broader region of the 
spindle microtubules, these proteins do not have any 
focused localization (Figure 4.15). Interestingly, in L19-
addback cells where L19 mutant localizes to microtubule 
tips, these protein co-localize with L19 at the mid-cell 
(Figure 4.15). These data suggest that microtubule bundles 
at the spindle midzone are dispensable for concentrating 
key cytokinesis regulators such as Aurora B, MKLP1 and Plk1 
at the mid-cell.  
I then examined whether cytokinesis could succeed 
given that the key cytokinesis regulators are recruited to 
the mid-cell. Immunofluorescence experiments reveal that 
L19-addback cells have a similar multinucleation index as 
PRC1 RNAi cells (Figure 4.16, 4.1C), indicating that the 
L19 mutant cannot rescue cytokinesis failure. These data 
suggest that the recruitment of Aurora B, MKLP1 and Plk1 to 




PRC1 with a flexible linker could accumulate MKLP1, Plk1 
and Aurora B to microtubule ends. PRC1 RNAi with WT- or 
L19-addback cells were fixed and stained for DNA, tubulin, 
GFP-PRC1 and MKLP1 (A), Plk1 (B) or Aurora B kinase (C). 








The PRC1 linker mutant could not rescue cytokinesis. PRC1 
RNAi with WT- or L19-addback cells were fixed and stained 
for DNA and tubulin. Multinucleate and single nucleated 
cells were counted to calculate multinucleation index in 





As my results show that PRC1 depletion disrupts the 
spindle midzone structure, without disrupting the EB1-
marked microtubules, I propose that there are two subsets 
of microtubules during anaphase: the first subset is the 
PRC1-crosslinked microtubule array that has reduced 
dynamics due to KIF4A function. The second subset is a 
dynamic population of microtubules, revealed by my EB1-GFP 
imaging. The EB1-bound microtubule subpopulation could 
probably undergo efficient plus-end polymerization and 
provide the tracks for motors to slide microtubules apart 
(Figure 4.17C). Consistent with my model, it has been shown 
in budding yeast that EB1 provide structural support for 
the anaphase spindle (Gardner et al., 2008). I propose that 
in normal anaphase cells, these two subsets of microtubules 
balance each other to set the length of the anaphase 
spindle. Once PRC1 is depleted and the crosslinked array 
cannot form, it is likely that the antiparallel microtubule 
sliding could not be balanced, resulting in the observed 
abnormal elongation of the anaphase spindle. Here I propose 
that this balancing process determines the length of the 






A schematic for anaphase spindle elongation. (A) Metaphase 
spindle. (B) At anaphase, there are two subsets of 
microtubules: PRC1-KIF4A crosslinked population and EB1-
marked dynamic population. (C) Microtubule-based motors 
slide antiparallel microtubules apart. (D) A balance of 
microtubule bundling and antiparallel microtubule sliding 
sets the steady-state length of the anaphase spindle. 
 
Previous studies on KIF4A, a PRC1 interacting partner 
and processive motor that regulates microtubule plus-end 
dynamics, have shown that KIF4A depletion leads to longer 
anti-parallel microtubule overlaps and longer anaphase 
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spindles (Bieling et al., 2010; Hu et al., 2011; Kurasawa 
et al., 2004). Based on these findings, it has been 
hypothesized that KIF4A is controlling the anti-parallel 
overlap size at the spindle midzone and hence regulating 
the spindle length. As KIF4A depends on PRC1 for proper 
localization and function (Kurasawa et al., 2004), my 
observations could, in theory, be explained by a loss of 
KIF4A function. I do not favor this model because the PRC1 
floppy linker mutant still likely interacts with KIF4A and 
recruits it to microtubules; however, it fails to rescue 
both the midzone bundle formation and the abnormal 
elongation in PRC1 depleted cells. Therefore it is unlikely 
that the cell abnormal elongation phenotype in PRC1 
depleted cells could be simply explained by loss of KIF4A 
function. To further test this, a KIF4A-PRC1 linker mutant 
interaction needs to be examined, and KIF4A localization 
needs more detailed study.  
My results have also suggested that without the PRC1-
crosslinked microtubule array at the spindle midzone, 
recruitment of cytokinesis regulators (i.e. Aurora B kinase, 
Plk1 and MKLP1) to the mid-cell is not sufficient for 
successful cytokinesis. It is possible that the PRC1-
crosslinked microtubule array could be essential to fully 
activate the cytokinesis regulators (Fuller et al., 2008), 
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and by concentrating the regulators at the mid-cell alone 
does not allow these proteins to reach the threshold 
activity level needed for proper function. Other technical 
reasons might explain this result as well. For example, 
there might be essential cytokinesis proteins that could 
not be recruited by the PRC1 linker mutant. Further cell 
biological and biochemical experiments are needed to test 
these hypotheses.  
My results suggest a mechanism how PRC1 participate in 
setting up the length for the anaphase spindle. The 
molecular mechanism for how PRC1 function in this process 
is not clear yet. Further experiments testing carefully-
designed separation of function mutants for PRC1 are needed 
to address this further.  
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CHAPTER 5: FUTURE DIRECTIONS 
 
5.1 Examining CPC-substrate phosphorylation gradient 
My results on the CPC-substrate phosphorylation gradient 
have shown that the gradient emerges in mitosis at both 
early prometaphase and anaphase. Although we know that the 
anaphase gradient is involved in organizing the spindle 
midzone, we do not yet know what the minimal set of 
components to generate the CPC-substrate phosphorylation 
gradient is. Furthermore, we do not know if the CPC-
substrate phosphorylation gradient alone is sufficient to 
organize microtubules either. Here I propose several 
experiments that might further our understanding along 
these directions. 
 
5.1.1 CPC-substrate phosphorylation gradient for different 
substrates 
The CPC has multiple substrates localized at different 
subcellular locations (Table 1). It would be interesting to 
examine the contribution of substrate sequence, 
localization and diffusion constants to the spatio-temporal 
dynamics of substrate phosphorylation.  
Because the kinetic parameters of a substrate with its 
kinase(s) or phosphatase(s) can differ for different 
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sequences, the spatio-temporal patterning of substrate 
phosphorylation may also be substrate-specific. To address 
this, one could construct multiple CPC sensors containing 
different substrate sequences (Table 1, known CPC substrate 
phosphorylation sites). As shown in the previous chapters, 
these sensors could then be expressed in cells and examined 
by live cell imaging. Sensors should first be validated to 
ensure that their response is specific to CPC activity and 
that the response is higher than noise. After validation, 
FRET imaging could be applied, and the phosphorylation 
dynamics measured by these sensors could be compared 
(Appendix, Figure A1). If the measurements were similar, 
this would suggest that the CPC phosphorylation gradient is 
consistent across different substrate sequences. If the 
phosphorylation dynamics measurements were different, this 
potentially could be a mechanism for CPC to co-ordinate 
different events. Following the live cell imaging, in vitro 
studies measuring the phosphorylation and dephosphorylation 
reaction rates could be performed, as mathematical modeling 
suggests these reaction rates are important parameters for 
phosphorylation dynamics and spatial patterning. Then, the 
phosphorylation and dephosphorylation reaction rates for 
different sensors could be compared with the live cell 
imaging results. These experiments might generate some 
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hypotheses for how enzymes co-ordinate multiple cellular 
events by having differential reaction dynamics for 
substrates, so that further functional tests could be done 
in physiological relevant context. 
Aside from sequences, CPC substrates also have diverse 
localizations (Table I). Previous studies have shown that 
cleavage furrow components, such as Myosin II regulatory 
light chain (MRLC) and MRLC kinase, are substrates for CPC 
(Ruchaud et al., 2007). It has also been found that CPC 
itself localizes at the equatorial cortex during anaphase 
(Ruchaud et al., 2007). Given these observations, it would 
be interesting to examine the substrate phosphorylation 
dynamics at the cell cortex. Membrane targeting motifs from 
Lyn kinase, RhoA GTPase, Anillin could be used to target 
the FRET sensor to the cell cortex. I constructed a 
membrane-targeted sensor using Lyn kinase membrane 
targeting motif, but the sensor did not respond to Aurora B 
inhibitor (Appendix Figure A2). In my experience 
constructing the chromosome- and microtubule-targeted 
sensors, it is common that the identity of the targeting 
domains significantly affect whether the sensor responds to 
CPC activity or not. This could be the case for membrane-
targeted sensor, as there are different membrane micro-
domains (e.g. lipid rafts) to which certain proteins prefer 
 133 
to localize (Lingwood and Simons, 2010). Therefore, it may 
be fruitful to try other membrane-targeting domains for the 
CPC FRET sensor. The membrane-targeted sensor would not 
only allow for analysis of CPC phosphorylation dynamics, 
but it would also provide a starting point to construct 
similar sensors for other mitotic kinases such as Plk1. 
Mathematical modeling also predicts that substrate 
diffusion is a key parameter for gradient formation (Brown 
and Kholodenko, 1999); our system would be useful to test 
this in a controlled way. For example, one could use 
Rapamycin-mediated FKBP-FRB dimerization to target the 
sensor to microtubules. Then either by using FKBP-FRB 
mutants with different binding affinities or by using 
mutants of MAP4 microtubule-binding domain with different 
microtubule binding ability, sensors with a range of 
diffusion rates on microtubules could be created. FRAP 
experiments could be used to quantify the turnover rate of 
these sensors, and the turnover rates could be correlated 
to the gradient shape measured in ratiometric FRET imaging. 
Therefore, the relationship between substrate diffusion and 
gradient formation could be tested. 
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Table I. CPC substrates and known phosphorylation sites 
Protein/Phosphorylation 
site Function Reference 
Chromosome/Centromere/ 
Kinetochore   




Survivin (T117) CPC regulation 
(Wheatley et 
al., 2004) 





Histone H3 (S10) 
Chromosome 
condensation 
(Hsu et al., 
2000) 
CENPA (S7) Centromere protein 
(Zeitlin et 
al., 2001) 
MCAK (T95, S110, S196) Microtubule motor 
(Andrews et 
al., 2004) 






















CENPE (T422) Kinetochore motor 
(Kim et al., 
2010) 
mDia3 (S196, T882) 
Kinetochore 
component 
(Cheng et al., 
2011) 




(Chan et al., 
2012) 
Ska3 (S87, S110, S159) 
Kinetochore 
component 
(Chan et al., 
2012) 
Plk1 (T182) Kinetochore kinase 
(Carmena et 
al., 2012) 
Spindle midzone   
MgcRac1GAP (S387) 
GTPase activating 
protein (GAP) for 











filament protein  
(Goto et al., 
2003) 
Desmin (S11, T16, S59) 
Intermediate 




5.1.2 In vitro reconstitution of the CPC-substrate 
phosphorylation gradient  
The mechanism of how the CPC-substrate phosphorylation 
gradient is generated and how it may facilitate the 
microtubule organization at the spindle midzone could be 
further examined by in vitro reconstitution. in which 
individual components could be tested separately. For 
instance, although it has been shown that the kinesin MKLP2 
is responsible for recruiting CPC to the spindle midzone 
(Gruneberg et al., 2004), potentially by transporting CPC 
as a cargo along microtubules, this interaction has not yet 
been tested in vitro. Therefore, reconstitution of the 
gradient could be done in two steps. First, we would need 
to reconstitute of the CPC recruitment to microtubule ends 
by MKLP2. This step requires purification of recombinant 
MKLP2 and in vitro assembly of the CPC (Jeyaprakash et al., 
2007; Neef et al., 2003). MKLP2-CPC interaction should be 
examined in vitro, possibly by IP-western technique. Once 
an interaction is confirmed, we would be able to examine if 
MKLP2 directly brings CPC to the tips of microtubules in 
vitro by comparing the imaging of GFP-MKLP2 with 
microtubules, GFP-CPC with microtubules, and of MKLP2, GFP-
CPC with microtubules on glass coverslips,. Second, MKLP2, 
mCherry-CPC, phosphatase (e.g. PP1) and microtubules would 
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be mixed and added on to a coverslip. Recombinant 
microtubule-targeted FRET sensor would then be added to the 
mix to analyze the phosphorylation dynamics. During this 
reconstitution of the gradient, we could examine different 
parameters involved in the formation of a gradient. For 
example, the CPC kinase concentration, the phosphatase 
concentration, the substrate diffusion rate and the 
substrate sequence. If the first step (i.e., reconstitution 
of MKLP2-CPC transport along microtubules) were not 
successful, reconstitution of the gradient might be 
achieved in other approaches. Given that INCENP antibody 
coated beads can locally activate CPC (Kelly et al., 2007), 
this could potentially substitute MKLP2-dependent CPC 
clustering and serve as source of phosphorylation for 
generating the gradient. The reconstitution of the gradient 
would allow us to experimentally test parameters that are 
predicted to be important for gradient pattern formation 
and would provide an experimental basis for mathematical 
modeling of the CPC-substrate phosphorylation gradient. 
Reconstitution could also be used to test our model 
that the CPC-substrate gradient is organizing the spindle 
midzone by spatially differentiated regulation of MKLP1, or, 
more specifically, the MKLP1-MgcRacGAP-centralspindlin 
complex. To this end, one could add purified 
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centralspindlin complex (Hutterer et al., 2009) into the 
reconstituted gradient system on the coverslip. Under such 
conditions, microtubule organization could be observed to 
examine if there is a correlation between directed 
microtubule movements and the shape of the gradient. As 
post-translational control of protein activity is commonly 
used during cell division, different site-mutants of the 
individual components could be tested in this 
reconstitution. For example, the INCENP TSS mutant could 
serve as negative control, as it could not activate CPC 
complex (Honda et al., 2003). Furthermore, there are known 
Plk1 phosphorylation sites on both INCENP and MKLP2 
(Carmena and Earnshaw, 2006; Neef et al., 2003). By using 
phosphorylation site mutants in the reconstitution, one 
might uncover crosstalk between Plk1 and CPC in regulating 
microtubule organization. Therefore, this reconstitution 
would provide insights into how the CPC-substrate gradient 
organizes microtubule organization.  
  
5.1.3 Other functions of the CPC-substrate phosphorylation 
gradient 
The CPC has multiple substrates involved in various 
processes during cell division including chromosome 
condensation, spindle assembly, kinetochore-microtubule 
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attachment, spindle checkpoint, spindle midzone assembly  
and abscission (Ruchaud et al., 2007). Given that my 
results show that the CPC-substrate gradient emerges both 
at early prometaphase and at anaphase, the CPC-substrate 
phosphorylation gradient might function during both stages 
of cell division.  
Several lines of evidence suggest that CPC provides 
spatial cues for spindle assembly. First, it has been shown 
in Xenopus egg extracts that the CPC must interact with 
both chromosomes and microtubules to support spindle 
assembly (Tseng et al., 2010). Based on this finding, it 
has been proposed that dual detection of chromosomes and 
microtubules by the CPC ensures that spindles assemble only 
around chromosomes (Tseng et al., 2010). Second, it has 
been found in human cells that CPC substrate MCAK localizes 
to microtubule plus-ends throughout the spindle and that 
its accumulation is strongly reduced on microtubule plus-
ends near chromatin (Tanenbaum and Medema, 2011). This 
pattern depends on CPC, suggesting that CPC generates 
signals emanating from chromosomes to negatively regulate 
MCAK plus-end binding. It has been proposed that CPC could 
spatially control the dynamics of non-kinetochore 
microtubules during spindle assembly. These two pieces of 
evidence, together with my discovery of the early 
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prometaphase CPC-substrate phosphorylation gradient, 
suggest that CPC could facilitate spindle formation around 
chromosomes by establishing a gradient centered on 
chromosomes. Although CPC activity is dispensable for 
spindle assembly in somatic human cells (Ruchaud et al., 
2007), it might still contribute to the chromosome-mediated 
spindle assembly: functions for the CPC and the CPC-
dependent gradient could be masked by the redundant 
pathways that support spindle assembly. Further experiments 
that suppress the centrosome pathway of spindle assembly 
could be helpful in examining the contribution of the CPC 
and the CPC-dependent phosphorylation gradient to spindle 
assembly in mammalian cells. 
Besides spindle assembly, the CPC-substrate 
phosphorylation gradient could also be involved in 
abscission step during cytokinesis. It has been shown that, 
in both yeast and in human cells, the CPC is needed for an 
abscission checkpoint, which delays the final resolution of 
two daughters until all chromosomes are pulled out of the 
cleavage plane (Steigemann et al., 2009). Two of my 
observations suggest that CPC-substrate phosphorylation 
gradient might be involved in the abscission checkpoint. 
First, by imaging the microtubule-targeted sensor, I found 
that the gradient persists through telophase and that the 
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slope of the gradient becomes steeper over time. Second, 
when I induced anaphase lagging chromosomes by nocodazole 
washout (Cimini et al., 2003), I found that sensor 
phosphorylation remains to be high on lagging chromosomes 
(Appendix Figure A3). These results suggest that the CPC 
gradient is a potential mechanism for to co-ordinating 
cytokinesis with chromosome segregation. Long-term live- 
cell imaging of the microtubule-targeted sensor in 
conditions where the telophase gradient is perturbed is 
needed to test this hypothesis.  
 
5.2 Examining PRC1’s function at cytokinesis 
My results on PRC1 show that this protein is required for 
controlling anaphase spindle length and spindle midzone 
formation. PRC1 is also needed for key cytokinesis 
regulators (e.g. Aurora B kinase, Polo-like kinase and 
MKLP1) to be efficiently and properly recruited to the 
spindle midzone.  There are several interesting aspects in 
this project that might be worth examining.  
 
5.2.1 The function of PRC1’s microtubule tip localization  
It has been shown that PRC1 preferably binds to anti-
parallel microtubule overlaps and that it crosslinks 
microtubules to organize the spindle midzone (Subramanian 
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et al., 2010). However, several lines of evidence show that 
PRC1 also localizes to the microtubule tips. First, PRC1 
has been observed to accumulate on the tips of microtubules 
when monopolar cells polarize as they are forced to exit 
mitosis (Hu et al., 2008). T monopolar cells likely do not 
have anti-parallel microtubule overlaps at the polarized 
end of the cell(given that the two centrosomes are not 
separated and localize at the same pole) Second, the PRC1 
floppy linker mutant, which does not support spindle 
midzone formation, localizes to the tips of the 
microtubules (Figure 4.15). As this floppy linker mutant 
likely preserves the ability to bind PRC1 interaction 
partners, this result might also reveal PRC1’s tendency to 
accumulate at the microtubule plus-end tips.  
The microtubule tip binding of PRC1 is not well 
characterized. It would be interesting to do a truncation 
screening to identify the domain(s) or motif(s) that is 
essential for PRC1 recruitment to microtubule tips. In the 
screen, one might be able to get a separation-of-function 
mutant that still crosslinks anti-parallel microtubules, 
but does not localize to microtubule tips. Phenotypic 
analysis of such a separation-of-function mutant would help 




5.2.2 Reconstitution of anaphase spindle elongation with 
PRC1 and microtubule motors 
I found that PRC1 is required for controlling the anaphase 
spindle length. In chapter 4, I proposed a model in which 
initially dynamic microtubules are stabilized once they are 
crosslinked by PRC1 and bound to KIF4, counteracting the 
outward pushing forces generated by microtubules motors. To 
test this model, one could reconstitute a minimal system in 
vitro, with PRC1, KIF4, a microtubule motor (e.g. Eg5) and 
microtubules. TIRF imaging would reveal microtubule 
dynamics and movement with these microtubule-binding 
proteins. The reconstitution would help us understand key 
parameters needed for microtubule organization during 
anaphase.  
 An alternative approach to test PRC1 and KIF4A’s role 
in anaphase spindle elongation is to use the isolated 
diatom spindles. Previously, elegant studies have used  
this system to show that microtubule growth and 
antiparallel microtubule sliding are two key elements in 
anaphase spindle elongation (Masuda and Cande, 1987). As 
genomes for diatoms are now available (Armbrust et al., 
2004) and gene silencing techniques have been developed (De 
Riso et al., 2009), one could use isolated diatom spindle 
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system to test the role of PRC1 and KIF4 in a more 
controlled way than in mammalian cell culture. Biotin-
tubulin could be used to track newly incorporated tubulin 
in the anaphase spindle. Furthermore, free tubulin and ATP 
concentration could be easily manipulated in this system. 
Results from the diatom spindle would provide insights into 
the contribution of PRC1 and KIF4A to specific steps of the 
anaphase spindle elongation. 
 
5.3 Establishing spatial order from micron scale to sub-
micron scale 
Anaphase is a highly dynamic process, in which chromosome 
segregation, spindle elongation and cleavage furrow 
ingression finish within 10 min. Spatial order is needed at 
different length scales, from tens of microns to sub-
microns. I favor the model that molecular interactions such 
as PRC1-KIF4-microtubules form basic functional modules 
within short range of distance (i.e. sub-micron scale) and 
that these modules are further coordinated by a long range 
gradient, such as the CPC-substrate phosphorylation 
gradient that extends over tens of microns.  
 To test this model, I propose an in vitro 
reconstitution experiment that would be based on the 
reconstitution experiments proposed earlier in this chapter. 
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Once the CPC-substrate phosphorylation gradient were be 
reconstructed in vitro, PRC1, KIF4A and microtubule motors 
that could slide antiparallel microtubules apart could be 
added into the system one-by-one or altogether. This would 
allow us to test whether long range gradients like the CPC-
substrate phosphorylation gradient could coordinate events 
that are at sub-micron scale to achieve spatial order. 
Furthermore, information from the reconstitution would lend 
itself to future mathematical modeling of spatial 


























Figure A1 Phosphorylation dynamics of CPC-substrates 
measured by two FRET sensors with different substrate 
sequences. Sensor 1 uses Kif2a substrate sequence 
KVNKIVKNRRTVAI and Sensor 2 uses CENP-A substrate sequence: 
PRRRTRKIEAPRR. (A) Dynamic range of sensor 1 and sensor 2.  
(B)  Sensor 1 and sensor 2 responds to Aurora kinase 
inhibitor Hesperadin (100nM). Data averaged and normalized 
for more than five cells. (C) Ratiometric image and DIC 
image for sensor 1 and sensor 2.  
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Figure A2 Failed attempt to construct a membrane-targeted 
FRET sensor. Membrane targeting motif from Lyn is used to 
target the FRET sensor to the membrane. (A) DIC and YFP 
image of a cell expressing the membrane-targeted sensor. (B) 
The membrane-targeted sensor expressing cells were treated 
with 100 nM Hesperadin. Time zero represents Hesperadin 






Figure A3 Gradient measurement on lagging chromosomes by 
nocodazole washout. (A) Time course of a cell expressing 
chromosome-targeted AurB FRET sensor with lagging 
chromosomes. Time zero represents anaphase onset.  The 
inset highlights the white box area of the FRET ratio image. 
For the projection graph: the distance axis on the 
projection graph was the distance from the pixel to the 
center of the separating chromosomes, projected along the 
spindle elongation axis. The FRET ratio was averaged over 
pixels with the same projected distance.  The projection 
graphs are for the FRET ratio image.  (B) Single time-point 
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